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ABSTRACT 
 
Sand is a fundamental input into many manufacturing and industrial processes and 
is an important economic resource. The efficient mining, processing and distribution 
of sand to value-adding industries are important for overall economic productivity as 
well as individual business profitability. 
 
In Bacchus March Boral Quarry the sand is excavated, washed, graded to sizes and 
then stockpiled on the site to dry. In the quarry plant the whole process of producing 
a 10m to 12m high sand stockpile takes about 7 days and then another 7 to 8 days 
before the sand dries and reaches the saleable 5-6% moisture content (volumetric). 
 
The drying period has been the concern of the quarry. A method to enhance the 
drying process would improve the quarry productivity. The aim of this research is to 
evaluate the viable options for an enhanced drainage of the sand piles in the quarry. 
The drying of granular material has been the subject of many studies. After an 
extensive literature review, three methods have been proposed for this research is: i) 
the use of Surfactants, ii) the use of Drainage System (Spiral Drain) and iii) the use 
of surfactant and Spiral drain together.  
 
The proposed methods are simple in implementation and their operation has been 
evaluated as economically rational.  Several sample piles of fine and medium sands 
of 60cm heights were constructed in the RMIT Hydraulics Lab for subsequent 
testing. Two moisture probes and two tensiometers were placed at two different 
levels inside the sand pile to monitor the changes of moisture and suction pressure, 
respectively. A weighing scale was also place at the bottom of the pile setup to 
monitor the changes of weight due to drainage and evaporation. All these sensors 
recorded the data at five minutes intervals for several days. 
 
Surface active agents or surfactants are chemicals which are widely in use in the 
concrete industry as dispersants or water reducers. Surfactants induce water 
movement inside a porous media and thus can enhance the dewatering process. 
Two surfactants, namely Naphthalene Sulphonate Formaldehyde Condensate 
(NSFC) and Calcium Lignosulphonate (CL) were used to the sample piles in different 
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doses and the moisture changes were monitored. These two surfactants are in 
common use in the concrete industry.  
 
In the second method a porous spiral drain was procured to place under the sample 
sand stockpiles at RMIT Lab. The suction system consisted of a small vacuum pump 
attached to a small container to separate water from incoming air-water mixture 
entered into the porous spiral pipe at the base of the sand stockpile.  
 
The surfactants have increased the fluidity of the sand mixture by reducing the 
surface tension between the water and sand particles. However, it did not improve 
the drainage considerably as assumed initially. The saving of time was not 
significant in the process. The results from medium sand showed that the moisture 
have reduced to 14% and 13% for CL (525 ml) and NSFC (100 g) application 
respectively, in 12 days from the initial 32% at the base of the pile. It is to note that 
the free draining (i.e., without the use of spiral drain and surfactants) process for the 
same medium sand took 14 days to reduce the moisture to 16% level.  
 
In contrast, the results from the spiral drainage system showed a substantial 
improvement on the moisture reduction. The drying time has reduced to 3 to 4 days 
to bring the moisture to 8% level for both fine and medium sands. Thus the spiral 
drain found to be the optimum methods for drying the sand pile. 
 
A test was also run with the use of spiral drainage and surfactant combined. The 
result was close to the spiral drainage system. Adding surfactant did not show 
significant improvement over the suction system. It has been observed that due to 
surfactants finer clay particles move down the pile base to choke the drainage path 
and thus do not enhance the drainage significantly. 
 
The effect of other types of surfactant on the moisture reduction of the sand stockpile 
requires more investigation. A mathematical model may also be developed to 
simulate the use of surfactant and suction pump on the draining of sand stockpiles.  
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Chapter 1 
 
 
 
 
 
INTRODUCTION 
 
Sand mining is an important economic activity and sand is the basis for such 
common materials as glass and concrete. Efficient extraction and processing of sand 
is critical for a number of industrial applications. Various techniques are employed 
along the production line to increase efficiency however improved methods are 
continuously being sought. An important stage in the production process is at the 
quarry and increasing productivity at this stage will have immense benefits for the 
industry. 
1-1 Background 
Boral is one of the major suppliers of sand in Australia. The company also supplies 
concrete and many other building materials where sand is one of main ingredients. 
At Bacchus Marsh Boral Quarry, the sand excavated from the mine, is washed to 
remove silt and clay and then graded to sizes. The sand contains approximately 20-
25% of moisture content when stockpiled. The quarry has the commitment to supply 
sand with 5-6% of moisture content to its customers. The sand stays on the stockpile 
to reach the desired moisture content. At this stage, no specific technique is applied 
to enhance the drying process at Boral plant. The sand stays in the site to dry by 
evaporation and natural drainage.  
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Boral quarry carried out a monitoring campaign in February 2009 to perceive the 
moisture movement rate in their sand stockpile. They placed a moisture probe inside 
the stockpile and recorded the drying trend of the sand as shown in Fig 1-1. The 
moisture probe was placed at 2m height from the base of the pile. The production of 
a stockpile, generally of 10-12m height, takes around 7 days and then it remains 
there for another 8 days to reach the saleable 5-6% moisture content. 
 
Fig 1-1 shows that the moisture content remains constant at the level of moisture 
probe during the time when production stockpiling is in progress. Wet sand is being 
sprayed to the pile until day 7. As soon as the pilling of sand stops (day 8), the 
moisture content drops rapidly due to gravity drainage of excess water between 
sand particles. The moisture drops from about 21% to 9% at 2m moisture probe 
level within only a few hours time. After day 8 the drainage rate decreased 
significantly. It took another 7days before the moisture content decreased to 6%. 
 
 
Fig 1-1: Drying trend of sand pile on quarry plant (Bacchus Marsh Boral Quarry) 
 
Currently the quarry team removes the wet sand from the production area and piles 
them somewhere far from the main area, to have the area ready for the further 
production. After the sand dried, they need to transfer the sand to the area for sale. 
Several trucks and personnel are needed in order to relocate the sand. 
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1-2 Research significance 
The current process of production is time consuming. An alternative method to 
improve stockpile drying efficiency is needed by Boral and it is the purpose of this 
thesis to research a number of viable techniques. The methodology for this research 
has been considered to be a viable technique regarding the financial aspects. Both 
proposed methods are patents and have not been used practically in the related 
industry. Reducing drying time can eventually lead to more production and benefit 
for quarries.  
 
1-3 Proposed methods 
Different studies investigated a range of methods of moisture reduction in granular 
materials (McGarry 1984, Karkare et al 1993, Karkare and Fort 1993, Maqsud et al 
2004, Yoon 2005, Bauer et al 2008). However the methods can be divided into two 
major categories, one is considering the machinery to reduce the moisture content. 
The machines may use a mechanical process or heat to dry the materials. The other 
major method is related to the use of chemicals to reduce surface tension between 
water and sand particles. As sand is not an expensive component of concrete 
mixture, choosing the right method with proper cost can be challenging. In this 
research, the methods chosen are assessed as the most viable methods, from both 
financially and practicality point of view. 
1-3-1 Drainage system 
Machines are probably one of the effective methods proposed for this purpose. 
Dryers are commonly used to dry materials where the most common dryers are 
Rotary Dryer (Camm 1968) and Fluidised Bed Dryers (Chandran et al 1990, Fyhr 
1999). The Rotary Driers are not commonly used in sand quarries due to their high 
cost and relatively intensive energy cost. The Fluidised Bed Dryers operation and 
maintenance cost is rather less expensive, however, still are not recommended to 
sand quarries also on economic ground. McGarry (1984) patented a simple drainage 
system, using porous pipe for removing water from granular particles. The system 
consists of a circular porous pipe which is connected to a suction pump. The pipe is 
placed under the pile to remove excess water out of the pile base by creating 
negative pressure inside the porous media and thereby facilitating the drainage 
process.  
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1-3-2 Surface active agents 
There are other categories of studies which have investigated the use of surface 
active agents to facilitate water drainage from granular materials (Karkare and Fort 
1993, Small et al 2003, Yoon 2005). Such surface active agents (surfactants) are 
widely used in a number of industries and can be found almost in numerous 
products or at least in part of their process (Rust 2008). The concrete industry is not 
an exception. Surfactants have been in use for many years to improve the concrete 
workability and strength. Despite a wide usage of surfactants in concrete industries 
and many others, it has not yet being used in sand production processes.   
 
1-4 Research Overview 
In this research, the effectiveness of two methods was investigated; one is the use of 
surfactants and the other one is the use of porous spiral pipes. Several sample sand 
piles with dimension of 600mm height and 600mm diameter at the bottom were 
made at RMIT Hydraulics Lab for subsequent testing. The effects of the surfactant 
and porous spiral pipe on the moisture reduction of those sample piles were 
monitored. The results were discussed to offer a viable solution for the problem. The 
surfactant were not as effective as assumed, however, the spiral drain made an 
impressive on the sample sand pile moisture reduction process. 
 
1-5 Outline of the thesis 
To achieve the objectives of this research an experimental study has been 
proposed. The details of the research have come through 6 chapters as outlined 
below. 
 
1-5-1 Chapter 1: Introduction 
The background of the problem, objectives and research methods have been 
presented in brief. 
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1-5-2 Chapter 2: Review of the prior literature  
The previously published literatures about the subject have been reviewed and a 
brief of the related parts are indicated. The chapter starts with summarizing the 
literatures studied the water movement in the porous media and then follows by the 
literatures available for behaviour of surfactants and introduction of a patent, the 
spiral drain, as a viable method. 
 
1-5-3 Chapter 3: Methodology 
Chapter 3 explains the method used in this study to investigate the objectives of the 
research. 
 
1-5-4 Chapter 4: Experimental results 
The chapter presents the results of the experiments conducted in the lab and 
discusses the outcome.  
 
1-5-5 Chapter 5: Data analysis and discussion 
Chapter 5 analyses the results of the previous chapter and compares it with 
literature available and evaluates the outcome. 
 
1-5-6 Chapter 6: Conclusions and recommendations  
The chapter summarizes the conclusions and recommends the future studies that 
can be conducted. 
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Chapter 2 
 
 
 
 
 
 
 
 
REVIEW OF LITERATURE 
 
 
An extensive literature review has been done to understand the process of drainage 
in porous media and identify the possible methods to enhance the process. In this 
chapter, a brief of the literatures have been presented in three main sections, 
namely: Drainage process, Surface active agents, Suction system. 
 
2-1 Drainage Process 
The water movement in the porous media has been studied in many literatures in 
order to investigate the flows (Todd 1980, Tschapek et al 1985, Bear 1987, Karkare 
et al 1993, Fredlund et al 1997). These flows, saturated or unsaturated, can be 
explained through Darcy’s law. In unsaturated flow the hydraulic conductivity would 
be a function of suction head and moisture content (Todd 1980). In free drainage of 
a sand column, excess water between sand particles drains quickly and the 
undrained water remains in the media due to surface tension that causes water stick 
around the sand particles (Tschapek et al 1985). Capillary rise is more obvious in 
coarse particles (>0.4mm) while adsorption is predominant in fine particles 
(<0.4mm). The drainage can be facilitated by reduction of surface tension and less 
undrained water would stays in the system, however, this is valid for fine particles 
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and for coarse materials the ring water - caused by capillary forces at the contact 
points of particles- is less affected by changes in surface tension. The magnitude of 
the capillary pressure is a function of a radius of the water and air interface 
curvature, 
∗
=−=
r
ppp awwac
σ2
 
 
Where cp , ap  and wp  are capillary, air and water pressures, respectively, ∗r  is the 
mean radius of curvature and awσ  is water-air interfacial tension (Bear 1987). The 
formula shows that the decrease in interfacial tension that reduce the capillary 
pressure.                                                                                                                                          
 
2-2 Surface Active Agents 
 
Surface active agents (surfactants) are amphipathic molecules that contain a non-
polar hydrophobic head and a polar hydrophilic head. As such these are classified 
into 4 main groups:  anionic, cationic, non-ionic, zwitterionic (Tadros 2005). 
 
The use of a surfactant to reduce the water surface tension is not new, however 
there has been little investigation for application in the drainage of sand stockpiles. 
 
Surfactants reduce the surface tension of water by accumulation of molecules on the 
surface of a material at the liquid-gas interface. A surfactant can be classified by the 
presence of charged groups in its head. A non-ionic surfactant has no charge group 
in its head. The head of an ionic surfactant carries a net charge. If the charge is 
negative, the surfactant is more specifically called anionic, if the charge is positive, it 
is called cationic. In general the charged heads are known as hydrophilic group. The 
other heads have no charge and are known as hydrophobic group. 
 
When the surfactant dissolved in the water, the hydrophobic group distort the 
structure of water. When this happens the system respond in a way to minimize the 
contact of hydrophobic groups and the water molecules. The hydrophobic heads 
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oriented toward the air or other solvent and the hydrophilic heads covers the water 
surface. This would decrease the dissimilarity of the two phases and the surface 
tension would be reduced (Rosen 2004) 
 
The important phenomenon about the surfactant is the creation of micelles inside the 
solution. The phenomenon happens when the amount of the surfactant particle 
increased to a certain concentration in the solution. The surfactant particles create 
the spherical shape known as “micelle”. When this happens the surfactant would no 
longer reduce the surface tension, but creating more micelles. The critical micelle 
concentration or CMC is maximum amount of surfactant that can be added to a 
solution which effectively reduces the surface tension. The CMC differs with the type 
of the surfactant and it can change with temperature (Myers 2006). 
 
Figure 2-1 shows how water properties change with addition of surfactant and how 
the changes differ after CMC. The surface tension decrease with increase in 
surfactant concentration, however it stays constant once it reached the CMC. 
 
 
Fig 2-1: CMC effects on water properties (Myers 2006) 
 
Karkare et al. (1993) worked on effectiveness of 33 surfactants as water-moving 
agents in unsaturated sand pack. It is found that water-insoluble surfactants spread 
at their air-water interface in unsaturated porous media and move water into the 
surfactant-free regions. They used a glass tube filled with glass beads or sea sand 
for their experiments. Indeed they investigated the effectiveness of surfactants in 
microscopic details. Karkare and Fort (1993) investigated the pore size and surface 
tension that causes capillary pressure gradient. They found that water movement in 
two columns of unsaturated media was due to the tendency for equalization of 
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capillary pressures in the columns. Henry et al. (1999) investigated the surface 
tension depression of two surfactants, namely myristal alcohol and butanol. They 
used the same procedure as Karkare and investigated the horizontal flow in two 
halves of a column of sand to analyse how they decrease the surface tension. It was 
concluded that both surfactants can decrease surface tension to a marked degree 
but the process is different from each other. 
 
Many studies have been done on the application of surfactant as a water reducer in 
the industries. Yoon (2005) did some experiments on fine coal particles. He treated 
the coal slurry with some hydrophobizing agents to enhance the moisture reduction 
of the particles by mechanical processes such as filtration and centrifugation.  
 
Small et al. (2003) found that mixing of surfactants in sand slurry, significantly 
enhances moisture reduction capacity. They used anionic and non-ionic surfactants 
on the wet sand. They specially treated a sample pile of sand with a mixture of two 
surfactants, namely polyethylene nonyl phenol (70%) and polyethylene oxide octyl 
phenol ether (30%) with different mixing ratios. The result was encouraging and 
showed that the surfactants can have significant impact on moisture reduction rate 
on sand stockpile.  
 
However, the surfactants Small used in his investigation were not evaluated by their 
effect on the concrete. This research hypothesis is to use two other anionic 
surfactants which are already in use in concrete industry, Naphthalene sulphonate 
formaldehyde condensate and Lignosulphonate.  
2-2-1 Naphthalene sulphonate formaldehyde condensate 
 
Naphthalene sulphonate formaldehyde condensate (NSFC) is a super-plasticizer 
which is used in concrete to increase the fluidity of the slurry and workability of the 
concrete. The NSFC can reduce the water demand concrete up to 20% (Ash and 
Ash 1997).  
 
2-2-2 Calcium lignosulphonate 
 
Calcium lignosulphonate is another anionic surfactant used as plasticizer and water 
reducer in different industries. Lignosulphonate is a by product of the wood pulping 
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industry. In the reaction of cement and water reducer, the water reducer molecules 
adsorb to the cement particles surfaces. The steric hindrance and the charge 
repulsion of adsorbed water reducer would prevent the flocculation of cement 
particles.  The adsorption of the calcium lignosulphonate particles improves with an 
increase in molecular weight.  Fig 2-2 compares the adsorption of different range of 
lignosulphonate molecular weight. The adsorption of naphthalene sulphonate 
formaldehyde condensate (FDN) has also compared. 
 
Fig 2-2: Adsorption of CL and FDN 
         
The surface tension reduction of the CL with low molecular weight is not strong but it 
improves on higher molecular weight. The explanation might be that the hydrophilic 
groups decrease in higher molecular weight and the repulsive forces between 
hydrophilic groups weaken and the CL molecules form a dense adsorption layer over 
the particles surface that would reduce the surface tension. Fig 2-3 shows the 
surface tension reduction of CL with different molecular weight at different 
concentration. FDN surface tension is also shown on the figure. GCL1 in the above 
graphs is a modified format of CL that Ouyang et al (2006) created and tested in 
their study as a new surfactant. This study has focused on the currently available 
surfactants in the market. 
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Fig 2-3: Surface tension of CL and FDN      
 
The amount of the surfactant that can be added to concrete mix is also limited. 
Adding a large amount of plasticizer can decrease the compressive strength of the 
concrete. Fig below show the effect of the surfactant FDN and Lignosulfonate on the 
cement paste (Ouyang at al 2006). 
 
 
     Fig 2-4: Percentage of water reducer on fluidity of cement paste 
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Petersen and Gundersen (2004) investigate the effect of the lignosulphonate on 
ordinary Portland cement and concluded that increase of lignosulphonate would 
increase the workability of the mortar.  
 
 Lignosulphonate has complex molecular structure with a wide range of molecular 
weight range from 1000 -140000da (Lebo at al 2000).  
 
Another study investigated the sodium lignosulphonate as dispersant of coal water 
slurry and concluded the sodium lignosulphonate with molecular weight of 10000-
30000 has a better effect on reducing the viscosity of the coal slurry (Yang et al 
2007). 
 
Rana et al (2002) also did some experiments on measuring the surface tension of 
the sodium lignosulphonate mixed with sodium dodecyl sulphate (SDS) at different 
concentration and investigated how CMC change.   
 
The environmental impact of the surfactants is of a concern. The biodegradability of 
the NSFC is very limited and removal of the surfactant should be done by waste 
water treatment. However, the treatment is unlikely for highly condensed and bulky 
oligomers.  Their removal may need some flocculation or coagulation process (Wolf  
at al 2000) 
2-3 Suction system 
A patent (McGarry 1984) proposed a method for dewatering granular materials, a 
spiral porous pipe to drain out the inter-granular water. The system includes a 
convoluted permeable drainage tube placed under the stockpile. The tube is 
connected to a collector which is attached to a suction pump, water to drain out of 
the stockpile (Fig 2-5). The system is not expensive to install and requires low 
maintenance. 
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Fig 2-5: Spiral drain system (1-suction pump, 2-collector pipe, 3-valves, 4-pipes, 5-porous pipe) 
 
2-4 Summary 
The use of surfactant as a water moving agent has been proven in many studies. 
Also the NSFC and Lignosulphonate have been used as water reducer agent in 
concrete industry for many years and their improvement in the concrete strength is in 
no doubt. However, no published work investigated the effectiveness of NSFC and 
lignosulphonate as a water reducer in quarries sand pile.  
Also, the use of spiral drain as a system for reducing granular material was found 
only in the patent and no specific study was found that has done more exploration 
about the application of the system. Therefore, the two methods have been selected 
for this research to enhance the drying process of sand stockpile.  
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Chapter 3 
 
 
 
 
 
METHODOLOGY 
 
To investigate the treatments concluded from literature reviews, a lot of experiments 
were designed to be performed in the RMIT hydraulic lab and study the treatments 
performance on the sand media. In this regard, initially a column of sand was 
considered to monitor the moisture reduction; however, the result showed failure of 
the setup and eventually a sand pile was made to resemble the quarry pile. 
 
3-1 Plan of the Experiments 
An overview of the performed experiments in this thesis has been summarised in 
Table 3-1.  
 
Initially a column of sand was considered for the experiments. Saturated sand was 
placed in a 100cm high tube with 20cm in diameter. The moisture reduction results 
taken from the column were not showing a genuine drainage. The tube was modified 
with several holes at the bottom and also some more hole on the walls. The 
modification of the column was not also effective and eventually a sample sand pile 
was made for the experiment. 
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Table 3-1: Summary of the experiments 
TEST NUMBER 
EXPERIMENT 
SETUP 
TREATMENT SAND TYPE VARIABLES COMMENTES 
1 SAND COLUMN _ FINE SAND REFERENCE TEST- FAILAED 
2 SAND PILE _ FINE SAND 
REFERENCE TEST-
SUCCESSFUL 
3 SAND PILE _ MEDIUM SAND 
REFERENCE TEST-
SUCCESSFUL 
4 SAND PILE SPIRAL DARIN FINE SAND SUCCESSFUL 
5 SAND PILE SPIRAL DARIN MEDIUM SAND 
MOISTURE CONTENT 
PRESSURE          
WEIGHT                     
TIME 
SUCCESSFUL 
6 SAND PILE NSFC-50g MEDIUM SAND SUCCESSFUL 
7 SAND PILE NSFC-100g MEDIUM SAND SUCCESSFUL 
8 SAND PILE LIGNOSULPHONATE MEDIUM SAND SUCCESSFUL 
9 SAND PILE 
LIGNOSULPHONATE 
AND SPIRAL DRAIN 
MEDIUM SAND 
MOISTURE CONTENT 
PRESSURE          
WEIGHT                     
TIME                      
CHEMICAL DOSE 
SUCCESSFUL 
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3-2 Experiment Materials 
 
A sand pile with the height of 70cm was considered for the experiments. The sand 
pile was made at RMIT hydraulic lab and different sensors and instruments were 
used to model real sand pile drainage process and monitor the drainage process 
constantly. 
 
3-2-1 Metal box with dimensions of 70×70×70cm has been modified with 16 holes 
with 3cm diameter at the base of the box. These holes were covered with small 
mesh (5mm diameter) plate to prevent the saturated sand pouring out of the box 
holes. The amount of sand falls out of the mesh holes is insignificant (Fig 3-4).  
 
3-2-2 Concrete sand was provided by Rocla Pty Ltd. washed sand with particles 
size range from 75µm to 2.36mm. Two different types of sand have been used, one 
is fine sand and another one is medium sand. Both sand types are in common use 
for concreting depending on requirement of the work. Sieve analysis has been done 
on both the sand types. It has been done on the basis of the Australian standard AS 
1152-1993. Sieve analysis showed that the particle sizes vary in the range from 
75µm to 1.18mm as shown in Fig 3-1 for the fine sand, while it varies in the range 
from 75µm to 4.75mm as shown in Fig 3-2 for the medium sand.  
 
 
Fig 3-1: Fine sand, Particles size distribution 
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Fig 3-1 shows about 70% of the sand particles remained on the 0.75mm sieve. And 
less than 1% over the 1.18mm sieve.  
 
Fig 3-2 is the distribution of medium sand. As the graph shows the distribution is well 
graded in this case.  
 
 
Fig3-2: Medium sand, Particle size distribution 
 
3-2-3 Moisture sensors (MP 406) was supplied by ICT international. The probes 
can be buried completely inside the sand pile and record the moisture content 
continuously for several weeks (Fig 3-4). The moisture probes were connected to a 
logger and a computer which reads and saves data at five minutes interval. The 
outcome of the probes was in mV. The probes are soil type sensitive and the 
conversion is different in different soils. It was needed to be converted the signals of 
mV to the volumetric moisture content for those specific sand. There has been a 
linear relation between the outcome and moisture content. Therefore, samples have 
been collected from the sand next to the probes at the start and completion of each 
experiment for the oven dry test (AS 1298.2.1.1). The conversion was made on the 
basis of the oven dry test results. A sample of the conversion is available on 
Appendix A. 
 
3-2-4 Tensiometer (GT3-15) was supplied by ICT international. Working range is 0 
to -100KPa. The tensiometers were connected to the data logger as well and the 
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suction heads were recorded for the same five minutes interval. The conversion 
equation for the instrument was provided by the supplier. 
 
3-2-5 Digital scale with an accuracy of ± 50g was used for this experiment. The 
whole experimental set up was placed over the digital scale to monitor the 
continuous weight changes. The results were used to estimate the evaporation from 
the sample stockpiles. 
. 
3-2-6 Naphthalene Sulphonate Formaldehyde Condensate(90%) sodium 
sulphonate (10%) supplied by Albright & Wilson Ltd. The NSFC supplied in powder 
form( CAS* no: 36290-04-7). Molecular weight of the surfactant was 428.48g/mol 
with pH value of 7.0- 8.0. (* Chemical Abstracts Service) 
 
3-2-7 Calcium lignosulphonate supplied by Sika Australia. Product commercial 
name was Sika plastiment BV35. The surfactant supplied in aqueous solution form. 
(CAS no: 8061-52-7). Density of CL at 20ºC is approximately 1.15 Kg/litre.and the 
pH value is 7.0. 
 
3-3 Pilot Trial  
A column of sand with the height of 100cm and width of 20cm in diameter was 
prepared. The moisture probes were inserted to the column at the height of 20cm 
and 40cm. The probes were placed horizontally (Appendix B).  
3-3-1 Trial 1 
A 5mm hole was drilled at the bottom and covered with a piece of fabric. The 
saturated sand placed inside the column and the moisture reduction was recorded. 
The result showed no significant reduction was happening and the water could not 
drip out completely. The water level could be obviously seen at the lower half of the 
tube. Therefore, the experiment was run with some modification 
3-3-2 Trial 2 
More holes drilled at the bottom. It was assumed that the fabric pores blocked by 
finer particles and caused a barrier for the drainage process, thus the fabric was 
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removed. No improvement was observed. The cracks were observed in few parts of 
the sand column, by water moving to the lower parts at the start of the experiments 
and sand settling.   
3-3-3 Trial 3 
From the previous experiment it was concluded that there is a negative pressure in 
the system that prevents the excess water to drain out. It was assumed that air could 
not enter to the system to fill the pores emptied of water and negative pressure 
created there keeps part of the water inside the system. Several holes with 3mm 
drilled on the wall of the tube on two sides, but there no significant improvement 
observed. Fig 3-3 is the result recorded by probe 2.  
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Fig 3-3:  Moisture reduction trend- Probe 2 
 
Eventually, it has been concluded that the tube can not be an appropriate model for 
testing the moisture reduction. Therefore, a sample sand pile was replaced for the 
test.  
3-4 Selected Experimental Setup 
 
A sample sand pile has been made at RMIT Hydraulics Lab. The sand was mixed 
with tap water to reach a saturated condition and placed in the metal box to form a 
height of 60 cm. The whole box placed over a digital scale to measure the changes 
of weight.  
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Fig 3-4 shows a schematic view of the placement of moisture probes and 
tensiometers inside the sand pile. All the sensors are connected to a logger which 
reads the data of the same time.  
 
Probe 1
Probe 2
Tensiometer  1
Tensiometer  2
Metal box
Lo
gg
er
Computer
 
Fig3-4:  Schematic view of the probes and tensiometers placement 
 
The moisture probes were placed within the pile at two different levels: probe1 at 
20cm and probe2 at 40cm heights. The base of the box has been considered as a 
reference datum. The probes were connected to a data logger which monitors and 
saves the data for every five minutes. 
 
For draining water out of the metal box, a total of 16 holes drilled at the base of the 
box. The number and size of holes at the bottom has been chosen on trial basis. 
Four holes were drilled at the centre of the box initially which was not sufficient for 
maintaining a proper drainage through out the experiment. The sand settled over the 
holes quickly and blocks the holes. Then more holes added step by step to reach a 
satisfactory drainage process.  
 
In order to collect the water drained out of the holes a container was placed under 
the metal box. And when the water dripping stops, after few hours, the amount of 
water collected in the container was weighed. 
 
Tensiometers were placed at the same level of the moisture probes. To avoid effects 
of the tensiometer moisture on the moisture probes readings, a 10cm lateral gap 
was considered adequate between the moisture sensor pins and the ceramic cup of 
the probe. (Suppliers’ recommendation) 
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3-5 Free Drainage 
 
In order to get basic information of the moisture reduction procedure in the sand pile 
an experiment was run with pure (no chemicals added) saturated sand and the 
drainage process of the sand pile was monitored. The experiment was conducted in 
the lab condition with a temperature range of 22-25ºC. Two sand piles were made 
and the sensors were placed inside the sand pile. The sand was almost in saturated 
condition at the start of the experiment. The sensors were reading the moisture 
condition in the sand piles for 2 weeks. The data collected from this sample pile will 
be used as a reference. The experiments with the use of spiral drain and surfactants 
will be compared with the reference to evaluate the effectiveness of the chosen 
methods. 
 
Free drainage with pure sand has been tested on both of the sand types, the fine 
sand and the medium sand. The saturated sand was placed in the metal box in a 
way to shape a pile of 60cm height and 60 cm diameter at the base. The moisture 
probes are placed at 20 and 40 cm heights inside the piles. 
 
As soon as the wet sand is placed in the metal box the drainage starts. The excess 
water drains out to the container placed under the metal box. The dripping of the 
excess water out of the pile is quick on the first few hours but shortly the rate 
decreases and almost stops after 10-12 hours. This does not indicate that drainage 
has stopped. As no dripping of water from the base is apparent, the drying process 
will go on with evaporation. The water collected from the base will be weighed to 
subtract from the total weight lost to give the weight lost due to evaporation.  
 
3-6 Spiral Drain  
 
The Spiral Drain system proposal was a European patent, presented by Leonard J. 
McGarry (1984). He proposed the method to reduce the moisture content of stock 
piled granular material. The system consists of three main parts. One is a preamble 
drainage tube which will be placed beneath the pile in circular shape. This part of the 
system would absorb the water between particles and lead them to a pipe which is 
connected to the third part of the system, pump. The pump would create a negative 
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pressure (suction) within the media and collects water. Water collected can be 
recycled or reused. Figure 3-5 shows a schematic view of the sample system made 
at RMIT lab for this research. Pictures of the all experimental setup can be found on 
Appendix B picture 1. 
Suction Pump
 
Fig3-5:  Spiral drain setup 
 
3-6-1 Setting up the system 
 
The permeable pipe (12mm in diameter) used for this research was made of 
recycled plastic with spongy texture, easily available on market. The porous pipe 
was connected to the vacuum pump through a hose pipe. The vacuum pump was 
collecting the water in a 1 litre container. The pump maximum suction capacity was 
100kPa. The perforated pipe was arranged in a circular shape, fixed on a wooden 
board and placed at the base of the metal box. The board was placed in a way to 
cover all the metal box holes. The sample sand pile was made on the top of the 
perforated pipe and probes were placed at 20cm and 40cm heights inside the 
stockpile. The sand was in saturated condition again. After placing the sand on the 
box, the pump started working and the negative pressure created in the pipe was 
draining the water among sand particles into the perforated pipe and then to the 
pump container. In only few minutes of pump working most of the excess water was 
drained out. 
 
3-6-2 Working period of the pump 
 
The pump was not working continuously for two reasons, 
1- The pumps’ water container was small and could not hold more than 1 litre. 
The pump should be stopped to empty the container. 
 23 
2- The pumps motor needed time to cool down after every five minutes of 
working. 
These conditions have restricted the working of the pump continuously. However, 
most of the water was drained off frequently at the beginning of the running of the 
pump. After some time the drainage rate decreased and the running period of the 
pump could last longer.  
 
3-7 Surfactants 
 
The surfactants are chemical used in different industries as an agent to enhance 
foaming/defoaming, dispersing, wetting, solvency, emulsifying and lubricity of water 
compositions. Surfactants can be produced from petrochemical or natural (oleo 
chemical) feedstock. Small et al (2003) had done investigation several anionic and 
non-ionic surfactant effects on draining sand. He used different concentration of the 
surfactants (25, 50 and 100ppm) to find the effective amount. He concluded that 
50ppm as a reasonable effective amount for the most chemicals used in his study. 
He used some drying methods (centrifugal basket) after the surfactant was added to 
the wet sand. In this research no drying method has been considered with the 
surfactant but their effectiveness on free drainage is the research question.  
 
The first concern that was raised for the usage of the surfactant in the sand was their 
effect on the final product concrete. Although the surfactants are water soluble, there 
is no doubt that a considerable part of the surfactants would remain inside the 
system and their effects on the concrete are unidentified. The best solution is to use 
surfactants that have been used in concrete and effects have been investigated and 
approved for use.  
 
In concrete industry the surfactants are regularly in use as water reducers to 
enhance the strength of the concrete. The surfactants used for this purpose are 
mostly anionic in nature.  
 
Two surfactants have been chosen for this research 
- Naphthalene sulphonate formaldehyde condensate (NSFC) 
- Calcium Lignosulphonate (CL) 
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As these chemicals are already in use at concrete industries, it has been that the 
remained amounts of the chemical in the system would not cause impairment to the 
final product. 
 
The NSFC chemical properties are presented on the Table 3-2. The amount of 
NSFC added to the sample was 50g and 100g to the total weight of sand 150kg. 
 
Table 3-2: Naphthalene sulphonate formaldehyde condensate properties 
 
 
To add NSFC to the sand mixture, sand and water mixed in the mixer to reach the 
saturated condition then the surfactant was dissolved in the water and added to the 
mixture. The contents were mixed for few minutes to get even slurry.  
 
The same process was used for lignosulphonate to do the mixing, except that it was 
supplied as a liquid aqueous and no dissolving was needed prior of application. 
 
Lignosulphonate is an anionic, water soluble surfactant. The lignosulphonate is a by-
product of the wood pulp. The chemical has a complex molecular structure with a 
wide range of molecular weight. The molecular weight mostly ranges from 1000 to 
250000da. The surfactant is expected to reduce the water consumption in concrete 
up to 8%. The minimum amount suggested by the supplier is 350 per 100kg of the 
slurry. The amount suggested by supplier used for this research as well.  
 
The surfactants were added to the sand separately and the sample sand pile with 
saturated sand was made in the metal box. The sensors were placed in the pile and 
the moisture reduction was monitored for two weeks. It should be noted that the 
surfactants were added to the clean sand every time. After testing the sand with a 
Chemical Formula 
MW 
g/m 
PH Form Colour 
Density 
g/CC 
261621 SOHC  428.48 7.0-8.0 Powder 
Yellowish 
brown 
0.6-0.75  
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surfactant, the sand was through away and new sand was used for the next 
experiment. 
3-8 Summary  
A 1m height tube was initially considered for monitoring the moisture content 
reduction. The moisture reduction did not happen properly. The settlement of the 
sand caused cracks on the sand column and also the air could not enter the system 
properly and fill the pores emptied of water, therefore, the negative pressure created 
in the system prevents the moisture reduction. Several modifications were done to 
improve the process but all failed; eventually, the final experimental setup 
developed.  The selected setup was a sample pile with height of 600mm. Two 
moisture sensors and two tensiometers were placed inside the pile and monitored 
the moisture reduction continuously. A sample spiral drain was made. The system 
consisted of a porous pipe and a vacuum pump. The pump had its specific 
limitations on collecting water and also the suction capacity. 
Two surfactant treatments were investigated, NSFC and Lignosulphonate. The 
surfactants were added with different dosages to the sand.  
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Chapter 4 
 
 
 
 
 
 
 
 
 
 
EXPERIMENTAL RESULTS 
 
 
A sample pile was made in the RMIT lab and the sensors placed inside.  A test was 
run to monitor the drying trend of the sand pile keep as the reference experiment 
and then the treatments were applied to the pile and the results were discussed. 
All the experiments data has been provided on Appendix D. 
 
4-1 Free drainage 
 
In order to evaluate the effectiveness of the methods proposed in this research, the 
drying trend of the sample pile was monitored as a reference. The drying trend of 
both sand samples has been monitored. Two sample piles were made separately by 
the two sand types. 
 
4-1-1 Fine sand 
The fine sand was mixed with water and placed inside the metal box modified with 
holes at the bottom. Drained water collected from the pile base. The test was 
running for 14 days and the logger records the moisture for every minutes. The sand 
moisture content decreased from 21% to 7.5% on the level of probe1 and it 
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decreased from 24% to 14% on probe2 position in 14 days. Fig4-1 and 4-2 show the 
trend of moisture reduction recorded by each probe. 
 
Fig4-1: Moisture reduction trend recorded by probe1 
 
 
Fig4-2: Moisture reduction trend recorded by probe2 
 
Probe2 is close to the base (20cm height) and the reduction trend is quit slowly. It 
should be noted that the capillary rise in fine sand can reach to 24cm (Todd 1980) 
and the probe 2 is under the influence of its effect. However, probe1 is out of the 
capillary zone (40cm height) and the quick reduction of moisture for the first few 
minutes is more obvious but the excess water leaves the system quickly and then 
the drainage proceeds by evaporation and the rate is quite low.  
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4-1-2 Medium sand  
The same procedure was used for medium sand to record moisture reduction trend 
of the system. 
 
Two tensiometers have been placed close to the moisture sensors (the same level) 
which show the negative pressure inside the pile. The tensiometer1 placed next to 
the probe1 and tensiometer2 placed next to the probe2. A certain distance has been 
considered to avoid the effects of the tensiometers moisture on the probes readings. 
The tensiometers read the pressure range of 0 to -100KPa. 
 
This time the mixture had higher percentage of moisture content at the start of the 
experiment. The probe1 reached to 4% of moisture on day 12 while the probe2 
reached to 16% of moisture, similar to the moisture content in fine sand pile. 
 
Fig4-3: Moisture reduction trend recorded by probe1 
 
 
Fig4-4: Moisture reduction trend recorded by probe2 
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The sharp drop at the beginning of the experiment is more obvious with probe1. The 
excess water drained quickly out of the system and after few hours it slows down 
and no drainage was observed after 24 hours from the base. 
 
The pressure was measured by tensiometers. The tesiometer1 drops to -100 quickly 
as the water drains fast in the sand and the reading below -100 are no reliable. 
However, the tensioeter2 showed a slow trend of reduction from -80KPa to -100KPa. 
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Fig4-5: Water pressure inside the pile- Tensiometer 1 
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Fig4-6: Water pressure inside the pile- Tensiometer 2 
 
A scale was placed under the metal box to measure the weight loss of the pile due to 
evaporation. The pile has lost 14Kg of water. 
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Fig4-7: Weight loss of the medium sand pile 
 
4-2 Spiral Drain system 
 
The system consisted of a perforated pipe, connected to a small vacuum pump 
through a hose pipe. The perforated pipe was attached to a wooden board in a 
circular shape (Appendix B Picture 1). The wooden board was placed on the base to 
cover all the drainage holes at the bottom of the metal box. The sand was put on the 
top of the pipe and the probes were placed on the same position inside sand 
pile20cm and 40cm heights inside sand pile.  
 
4-2-1 Fine sand  
 
After monitoring the moisture content reduction trend of the fine sand sample pile 
(reference experiment), the model of the spiral drain was placed at the base of the 
same fine sand pile.  
 
The pump was not working continuously; it was stopped several times in order to 
empty the pumps’ water container and also to have the pumps’ motor to cool down. 
On the first few hours of the experiment the pump was working for short periods of 2-
4 minutes until most of the water drained out. On day two the pump was working for 
couple of times for 5-8 minutes but small amount of water was drained out. On day 
three no water was draining through the pump. 
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The result from both probes showed remarkable improvement on drainage process. 
The moisture at the point of the first probe decreased from 20% to 4% in just three 
days and probe 2 showed moisture content reduced from 23% to 8% in the same 
period. 
 
 
Fig4-8: Moisture reduction with pump-probe1 & 2 
 
The pump suction capacity was 50KPa on the first day but it decreased by more 
water draining out. The pump capacity dropped to 20KPa on the third day. 
 
Fig4-9: Pump suction capacity 
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4-2-2 Medium Sand 
 
The same process was used to record the moisture reduction of medium sand. The 
probe1 moisture reduction trend was quit smooth, reached to 6% after 4 days of 
drainage. Reduction of probe2 was also close to the fine sand result, it dropped to 
10% after 4 days. 
 
The suction capacity of the pump was similar to the previous results. However, some 
of the spiral pipe pores were clogging by the sand particles every time the system 
ran. The suction capacity of the pump increased eventually to drain the water from 
the pile. The improvement of drying process with spiral drain is promising.  The 
graphs below are the results for medium sand drained with pump. 
 
Fig4-10: Moisture reduction with pump- probe1 & 2 
 
4-3 Surfactants  
 
Surfactants are chemicals that reduce the surface tension of water. This 
specification put the surfactant in a distinctive importance in several industry 
applications. The polar molecules of surfactants cover all around the water particles 
surface and reduce the tension between the water surface and the other solvent.  
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In the sand media when the excess water drained out of the pile, the water adsorbed 
to the sand particles, due to the surface tension between water and sand, cannot 
leave the system. When the surfactant is added, the amphipathic molecules cover 
the surface of the water particles so that reduce the water-sand surface tension, 
therefore, make more free water available in the system. This has been assumed 
that the water can leave the system without difficulty. 
 
The chemical chosen for this research are naphthalene sulphonate formaldehyde 
condensate and lignosulphonate. The naphthalene sulphonate formaldehyde 
condensate is a surfactant used in concrete industries as water reducer, a super-
plasticizer. NSFC is believed to reduce water of the concrete mix to 20% which will 
ultimately increase the concrete strength to 40% for 28 compressive concrete. NSFC 
can be mixed during the process of mixing or at the end of the process.  
 
4-3-1 Naphthalene sulphonate formaldehyde condensate 
4-3-1-1 NSFC 50g (Medium sand) 
In this study the effect of the NFSC on stockpile drying process has been 
investigated. The amount of 50g was added to the sand. The NSFC is a water 
soluble surfactant and it was believed that a considerable amount of the chemical 
goes out of the system when the water drained out. 
 
The sand was mixed with water to the saturation point and then the surfactant 
dissolved in water was added to the sand mixture. The sand was placed inside the 
box and the probes positioned at the same levels as described in earlier sections. 
Results for 50g of NSFC are as follow: 
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Fig4-11: Moisture reduction with 50g of NSFC-probe1 & 2 
 
After 13 days the probe 1 showed 8% of moisture and probe 2 showed 17% 
moisture remained. The result showed that not much improvement happened by 
adding 50g of the NSFC. The water drained out of the pile was even less than what 
was expected. The weight loss by evaporation was 10.6kg and the water drained 
was 3.05kg. 
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Fig 4-12: Weight loss of the sand pile-50g NSFC 
 
Suction pressure for tensiometer1 dropped rapidly to below -100KPa. The 
tesiometer2 results were as below. No significant changes observed. 
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Fig 4-13: Water pressure of the sandpile-50g NSFC 
 
4-3-1-2 NSFC 100g (Medium sand) 
 
Since there was no considerable enhancement on the moisture reduction process, 
the amount of the NSFC was increased to 100g and results showed some 
improvement. It should be noted the use of surfactant has an upper limit in concrete. 
Increase of the surfactant can reduce the surface tension of water to a specific point 
(CMC) and increasing the amount of the surfactant would no longer make any 
reduction in the solution but this can cause retarding effect and excessive 
segregation of concrete (Ash and Ash 1997). 
 
Fig 4-14: Moisture reduction with 100g NSFC-probe1 & 2 
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The drying trend shows that NSFC has not improved the drying process. In free 
drainage of medium sand, the moisture content reached to 4 and 16% at the levels 
of probe 1 and 2 respectively, after 12 days. Here with the use of 100g NSFC the 
moisture reached to 7 and 13% in 13 days. 
 
The tensiometer 2 reached to the extreme limits very quickly as it was expected in 
the sand media and the results below -100kPa are not valid. However, the 
tensiometer 2 gets very close to -100kPa. 
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Fig 4-15: Water pressure inside the sand pile- 100g NSFC 
 
The scale showed a total weight loss of 19.5Kg due to evaporation and drainage in 
12 days. About 5kg of water has been drained out of the pile, compared to the 50g 
NSFC it shows some enhancements.  
310
315
320
325
330
335
0 1 2 3 4 5 6 7 8 9 10 11
S
ca
le
 K
g
Days
Scale
 
Fig 4-16: Weight loss of the sand pile-100g NSFC 
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4-3-2 Lignosulphonate (Medium sand) 
 
Lignosulphonate is another water reducer surfactant which is employed in concrete 
industry and also in production of cement. The price is cheaper than NSFC and it is 
a by-product of wood pulping industry. Lignosulphonate is expected to reduce the 
water consumption in concrete for up to 8%.  
In this research the application of the lignosulphonate in sand stockpile drying 
process has been investigated.  
 
A total amount of 525ml lignosulphonate was added to the sample pile. The added 
amount to the pile was the supplier minimum recommended dosage. The sand 
mixed with water and surfactants in the mixer and placed inside the metal box.  
 
Fig 4-17: Moisture reduction with 525ml Lignosulphonate- probe1 & 2 
 
 
The reduction showed that Lignosulphonate has not been effective significantly on 
the sand pile drainage. The result from probe1 shows a slight reduction and the 
moisture decrease to 7% and probe2 reached to 14% moisture.  
 
The scale showed a total weight loss of 14.5 Kg and only 2.3 Kg was drained water 
from the pile base. 
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Fig4-18: Weight loss of the sand pile-525 lignosulphonate 
 
The drainage was not as effective as it was expected, though the concentration of 
was considerably high. The fluidity made some complication on running the test. It 
was assumed that by adding the lignosulphonate more water would drain out of the 
system. The slurry keeps its creamy shape due to the surfactant mixed for a while 
and then the drainage happened with slow rate.   
 
4-4 Lignosulphonate with pump (Medium sand) 
 
The previous experiment showed that the surfactant has increased the fluidity of the 
mixture but water did not leave the system rapidly. This has developed the idea of 
using the spiral drain in combination to surfactant to remove the water from the sand 
pile. The spiral drain placed on the metal box and the sand was mixed with 525ml 
lignosulphonate. The sensor placed in their same levels as described earlier. The 
results obtained are shown in graphs below.  
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Fig4-19: Moisture reduction with 525ml Lignosulphonate and pump- probe1 & 2 
 
Moisture content decreased from 35% to 9 and 11% after 3 days at the point of 
probe1 and probe2 respectively. The water drainage was quick on the first few hours 
but it slowed down after. However, the drainage was still possible on the day 3. The 
water drained was foamy due to the lignosulphonate dissolved in it. The water 
drained was a mixture of water, lignosulphonate and clay.  
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           Fig4-20: Water pressure inside the sand pile- 525ml lignosulphonate and pump- tensio 1 
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        Fig4-21: Water pressure inside the sand pile- 525ml lignosulphonate and pump- tensio 2 
 
On day 3, the pump could collect an insignificant amount of water in foam form, due 
to the surfactant mixed in the water. The clay inside the water made some disruption 
on the suction system working and clogs the pipe and holes. The suction capacity 
was about 85KPa at the start and later reduced to 75KPa.  
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              Fig4-22: Weight loss of the sand pile- 525 ml Lignosulphonate and pump 
 
The System was effective in general. However, the improvement expected by adding 
the chemical was not met in the test. The purpose of adding the surfactant was to 
make more drainage possible by reducing the surface tension. However, the result 
showed that the available water in the system is not likely to leave probably due to 
the electrostatic repulsive forces. 
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A summery of the moisture content reduction on the sand pile have been presented 
below.  
 
 
Table 4-1:Summary of moisture reduction in fine sand 
Treatment Sensor Start Moist% Final Moist% Days Achieved  
Probe 1 21 7.5 
Ref. 
Probe 2 24 14 
14 
Probe 1 20 4 Pump 
Probe 2 23 8 
3 
 
Table 4-2: Summary of moisture content reduction in medium sand 
Treatment Sensor Start Moist% Final Moist% Days Achieved  
Probe 1 29 4 Ref. 
Probe 2 30 16 
12 
Probe 1 32 6 Pump 
Probe 2 39 10 
4 
Probe 1 36 8 NSFC 50 
Probe 2 34 17 
13 
Probe 1 31 7 NSFC 100 
Probe 2 35 13 
12 
Probe 1 29 4 CL 
Probe 2 25 17 
13 
Probe 1 35 9 CL and Pump 
Probe 2 35 11 
3 
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Chapter 5 
 
 
 
 
 
 
 
DATA ANALYSIS AND DISCUSSION  
 
Developing a solution to enhance moisture reduction of granular and fine particles 
has been the subject of several researches due to its importance to industry. The 
methods investigated in this research were selected based on their practicability and 
cost involved with the application. 
5-1 Spiral Drain 
 
The patent by McGarry (1984) has proposed a drainage system, which is consisted 
of a suction pump connected to a permeable pipe placed under the granular material 
pile for reducing the moisture content. A model of the system was prepared for this 
research and the drying process with the application of the system was monitored. 
The result was quite remarkable. Moisture content decreased from 30% to 6% in 
only 4 days. This method requires only about one fourth of time needed by reference 
free draining system.  
 
5-2 Surfactants 
 
Surfactants effect on surface tension and their application as water reducer in 
concreting has developed the idea of their application in the sand stockpiles. Two 
common surfactants were investigated in this research: Calcium Lignosulphonate 
(CL) and Naphthalene Sulphonate Formaldehyde Condensate (NSFC). Different 
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amounts of surfactant were added to the mixture of sand and water and the moisture 
content reduction was monitored.   
 
5-2-1 NSFC 
 
NSFC is a super-plasticizer, available in both powder and liquid forms and is water 
soluble. The chemical is in use in concrete industry as water reducer. It can reduce 
the water consumption by 20% (Ash and Ash 1997). The maximum suggested 
amount of the NSFC differs by the suppliers and the concentration of the product but 
generally varies from 0.6 to 1.5% by weight of cement.  
 
The amount of 100gm NSFC was added to the sample sand pile and the result 
showed 3-days was saved in moisture reduction. Adding more NSFC might show 
more improvement on the moisture content reduction. However, the limitation on the 
amount of added surfactant should be considered. The maximum amount of the 
NSFC is usually around 1.5% of the weight of the cement.  Adding more than this 
amount would cause unwarranted retarded setting time.  There is no doubt that a 
part of the surfactant that would remain inside the sand pile is going to increase the 
concentration of the NSFC of the final concrete mixture. A precise estimation of the 
NSFC concentration in the sand before mixing for concrete would be essential.  
 
5-2-2 Calcium Lignosulphonate (CL) 
 
Lignosulphonate is another plasticizer that has been used in this research. A total of 
525ml was added to the sample sand pile and the result showed a slight 
improvement on moisture reduction trend. The amount added was the lower limit of 
the supplier’s recommended dosage. 
 
Despite the slight enhancement of drying trend of the sand pile, some negative 
points have been observed that has complicated the application of CL. The mixture 
of wet sand and surfactant became too pliable to form a definite stockpile shape; 
also the surfactant formed a crust at the surface of the stockpile at the end of the 
drying process. The other effect was like the dispersion of clay particles within the 
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drained water. Lignosulphonate brought out clay particles out of the sand pile. Clays 
at the base of the pile clogged the drainage system. 
5-3 Comparison with prior works 
 
Small et al. (2003) used a combination of two surfactants, namely Polyethylene 
nonyl phenol (70%) and Polyethylene oxide octylphenol ether (30%) on sand pile. 
The results for the test and this research experiments has presented on Tables 5-1 
and 5-2 respectively. The results presented on the tables are moisture content 
percentage on weight basis.  
 
Small et al. (2003) used the mixed surfactant treatment on a one ton sand pile. The 
height of the pile and the height at which measurement was taken are unknown. It 
was assumed that the average moisture content of the pile has been considered. 
The results presented in Table 5-2 are the probe1 results. 
 
The Table 5-2 shows that the surfactants in this study have not been as effective as 
Small’s surfactant. However, it should be mentioned that those surfactants are 
unknown to the concrete industries and their effects on the concrete strength and 
quality is in suspicion.  
 
In contrast with the hypothesis of this research, lignosulphonate and NSFC did not 
enhance the drainage process effectively. The observations showed that by adding 
the surfactants more water was available on the system (i.e. the fluidity of the slurry 
increased significantly) but the water was not likely to leave the system and the 
moisture content are relatively higher in the first few days at the start of the 
experiment. It has been assumed that electrostatic repulsive forces resist the 
drainage of the water particles.  
 
Table 5-1: Small test on one ton sand pile 
Treatment 
Start 
Moisture % 
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day10 
Control test 25 19.7 11.6 9.1 11.3 8.6 5.8 4.1 
100ppm of 
treatment 
25 6.8 5.3 3.9 5.3 2.5 1.9 1.2 
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Table 5-2: Probe1 results of moisture %wt 
 
 
The spiral drain reduced the moisture content to 1.5% in 3 days which is close to the 
Small’s sand pile moisture after 10 days. Below is the bar chart of final results (Fig 5-
1). 
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Fig 5-1: Comparison of the treatments  
 
 
5-4 Recommendation for application in the plant 
This research showed that the spiral drain can be an effective method for enhancing 
the drainage of the sand stockpile. The system is easy in application and 
Treatment 
Start 
Moist% 
Day1 
Moist% 
Day 2 
Moist % 
Day 3 
Moist % 
Day 4 
Moist % 
Day 5 
Moist % 
Day 6 
Moist % 
Day10 
Moist% 
Ref. 11 4.7 4.1 3.8 3.4 3.2 3 2.2 
Pump 14.3 2.5 1.8 1.5 --- --- --- --- 
NSFC 50 14.7 7.8 6.7 5.9 5.4 5 4.6 3.6 
NSFC 100 11.3 7.5 5.3 4.6 4.2 3.9 3.7 3.1 
CL 11.7 10.5 9.4 8.6 7.9 7.1 6.4 4.1 
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maintenance. The system removes the excess water that stays at the stockpile base 
as shown on the picture 6 of the plant on Appendix B.  
 
However, there are some points that should be considered when applying; 
1- The porous pipe used for the system should be of an appropriate size. The 
pipes with very large internal diameter would reduce the efficiency of the 
system and the very small pipe would increase the negative pressure inside 
the pipe which can either demand a pipe with higher pressure resistance; or 
the holes would be blocked by sand finer particle in a short time. 
2- It is important to have the porous pipe exactly under the pile. The system 
would be more effective when placed under the pile. 
3- Specific arrangement should be considered to protect the pipes. The 
movements of the heavy machinery on the site can destroy the pipes placed 
under the piles.  
4- The system should have removable coverage. The pipes would need repair 
and change every often. 
5- The suction capacity would increase once the holes are blocked. The 
increase in the suction is not efficient at this point. 
6- Other arrangements of the porous pipe might increase the efficiency of the 
system, for instance, vertical porous pipe inside the sand pile can be 
considered. 
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Chapter 6 
 
 
 
 
 
 
 
 
 
CONCLUSIONS AND RECOMMENDATIONS  
 
The presented thesis is aimed to develop a solution to enhance the drainage of sand 
stockpile in the sand quarry. Several experiments have been done on dewatering the 
granular particles; however this is one of the very first researches that focus on the 
sand stockpiles in quarries for use in concrete industry.  
 
This chapter presents the findings of experimental works completed and the 
recommendations for future works. 
 
6-1 Selection of methods 
 
The study considered two workable methods of drying sand in stockpiles from 
among the methods proposed by previous literature on porous media.  
 
Literature review showed that surface tension is the predominant force hindering free 
movement of water in a porous media. Thus by reducing the surface tension it was 
expected that water drainage of the system would be enhanced. There are several 
researches that investigated the effect of the surfactants (specially anionic and non-
ionic) on reducing surface tension and therefore enhancing water movement in the 
porous media. It was also found that the surfactants namely Naphthalene 
Sulphonate Formaldehyde Condensate (NSFC) and Calcium Lignosulphonate (CL) 
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as anionic plasticizers are in widespread use in concrete industries. These are 
inexpensive, bio-degradable and easily available as industrial by-product. Therefore, 
it was decided to use these surfactants in the concrete sand stockpiles and monitor 
its effectiveness on the moisture reduction process. 
 
In a patented method by McGarry (1984), it was found that a porous pipe connected 
to a suction device may enhance the reduction of moisture from granular stockpiles. 
The system was simple and easy to operate. A model more-or-less of same 
configuration was proposed to investigate its effectiveness on the quarry sand piles. 
 
6-2 Selection of experimental setup 
 
Initially several enclosed sand columns and boxes were constructed to emulate the 
inside masses of the actual sand stockpiles in the quarry. Several possible 
modifications were implemented on those experiments but all failed. As all those 
constructions were being enclosed, negative pressure that was created inside the 
porous flow paths choked the subsequent drainage of the sand masses in the 
columns and the boxes. The negative pressures were not able to be released in to 
the atmosphere because of the enclosures. Eventually, it was figured out that a 
small sized conical pile can reasonably mimic the actual stockpile behaviour in the 
quarry. It was decided that a reasonable height to base width ratio similar to actual 
stockpile would be maintained.  
 
 
6-3 Experimental results 
 
The moisture reduction experiments in the sample stockpiles were conducted in 3 
parts: i) experiments using surfactants, ii) experiments using suction in spiral porous 
pipe and iii)  experiments under free drainage (to compare the above two methods). 
Two types, fine and medium sands were used for those experiments.  
Under the free draining experiments it was found that the moisture content (at the 
probe2 level, which is 20 cm above the base) of the fine and medium sand piles 
were decreased to around 16% in 12 to 14 days time.  
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Experiments using NSFC (100g) and CL (525ml) in medium sand piles, it was taking 
8 to 9 days time to reduce the moisture content at the same 16% level as obtained 
by the free draining method. On the other hand it was taking around 13 days time for 
50 g NSFC to reduce the moisture content to 16% level. Surfactants showed some 
improvement on the moisture reduction process. However the water available in the 
system could not leave the system promptly, through the base. One reason can be 
the fine clay particles that became mobile due to surfactants moved down with it to 
clog the flow paths at the base of the piles.  
 
Experiments with the spiral drain suction have reduced the drainage time 
appreciably. Moisture contents, in the same probe2 level for the fine and medium 
sand piles, have decreased to 8-9% moisture content levels in only 3 to 4 days time. 
The time requirement has come down to almost one fourth of the time, which is a 
considerable saving of time in the whole drainage process.  
 
The study has demonstrated that spiral drain can be an effective method to improve 
the drying process of the sand stockpile. Further investigation is needed to realise 
how much time can be saved in the quarry plant by using the method. 
 
6-4 Recommendations 
 
The following suggestions are outlined for future works: 
 
1- Mathematical models can be developed to simulate the effectiveness of the 
proposed methods on different boundary and environmental conditions. 
2- Data collection from the actual stockpile in the quarry plant to validate the 
mathematical model. 
3- Modifying the spiral drain by adding a vertical leg of porous pipe inside the 
stockpile. 
4- Investigation of other types of surfactants on the moisture reduction process. 
5- Investigation of the surfactants impacts on the concrete strength. 
 
 
 50 
REFERENCES: 
 
ASH, M. & ASH, I. 1997. Handbook of Industrial Surfactants: An International Guide to 
More Than 21,000 Products by Trade Name, Composition, Application, and 
Manufacturer, Ashgate Pub Co. 
 
AUSTRALIA, S. 1993. AS 1152-1993 Specifications for test sieves. Standards Australia. 
 
AUSTRALIA, S. 2005. AS 1289.2.1.1: Methods of testing soils for engineering purposes. 
Standards Australia. 
 
 
BAUER, J., HERBST, M., HUISMAN, J. A., WEIHERMÜLLER, L. & VEREECKEN, H. 
2008. Sensitivity of simulated soil heterotrophic respiration to temperature and 
moisture reduction functions. Geoderma, 145, 17-27. 
 
BEAR, J. & VERRUIJT, A. 1987. Modelling groundwater flow and pollution: with computer 
programs for sample cases. Dordrecht, D. Reidel Pub. Co. 
 
 
CAMM, W. T., THOMAS, F. & KY. 1968. Rotary drier for aggregate. 
 
 
CHANDRAN, A. N., RAO, S. S. & VARMA, Y. B. G. 1990. Fluidized bed drying of solids. 
AIChE Journal, 36, 29-38. 
 
 
FREDLUND, M. D., WILSON, G. W. & FREDLUND, D. G. 1997. Indirect procedures to 
determine unsaturated soil property function. 50th Canadian Geotechnical 
Conference. 
 
 
 51 
FYHR, C. & KEMP, I. C. 1999. Mathematical modelling of batch and continuous well-
mixed fluidised bed dryers. Chemical Engineering and Processing, 38, 11-18. 
 
 
HENRY, E. J., SMITH, J. E. & WARRICK, A. W. 1999. Solubility effects on surfactant-
induced unsaturated flow through porous media. Journal of Hydrology, 223, 164-174. 
 
 
KARKARE, M. V. & FORT, T. 1993. Water movement in "unsaturated" porous media due 
to pore size and surface tension induced capillary pressure gradients. Langmuir, 9, 
2398-2403. 
 
 
KARKARE, M. V., LA, H. T. & FORT, T. 1993. Criteria for effectiveness of surfactants as 
water-moving agents in "unsaturated" wet sand. Langmuir, 9, 1684-1690. 
 
 
LEBO, S. E., GARGULAK, J. D. & MCNALLY, T. J. 2000. Lignin. Kirk-Othmer 
Encyclopedia of Chemical Technology. John Wiley & Sons, Inc. 
 
MAQSOUD, A., NORANDA, R., BUSSIÈRE, B., MBONIMPA, M. & AUBERTIN, M. 
2004. Hysteresis effects on the water retention curve: a comparison between 
laboratory results and predictive models. 57th canadian geotechnical conference. 
 
MCGARRY. 1984. A method for reducing the moisture content of stock piled granular 
material 
EP19840303204  
 
 
MERLIN, O., WALKER, J. P., PANCIERA, R., YOUNG, R., KALMA, J. D. & KIM, E. J. 
2007. Soil Moisture Measurement in Heterogeneous Terrain. Department of Civil and 
Environmental Engineering, The University of Melbourne, Australia. 
 
 
MYERS, D. 2006. Surfactant science and technology. Hoboken, N.J., J. Wiley. 
 
 52 
OUYANG, X., QIU, X. & CHEN, P. 2006. Physicochemical characterization of calcium 
lignosulfonate--A potentially useful water reducer. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 282-283, 489-497. 
 
 
PETERSEN, B. G. & GUNDERSEN, N. L. 2004. Effect of lignosulphonate plasticizer on 
rheological properties of ordinary portland cement with fly ash. In:  Annula 
transactions of the nordic rheology society. 
 
RANA, D. R., NEALE, G. N. & HORNOF, V. H. 2002. Surface tension of mixed surfactant 
systems: lignosulfonate and sodium dodecyl sulfate. Colloid & Polymer Science, 280, 
775-778. 
 
ROSEN, M. J. 2004. Surfactants and interfacial phenomena, Wiley-Interscience. 
 
ROSEN, M. J. & GAO, T. 1995. Dynamic Surface Tension of Aqueous Surfactant Solutions: 
5. Mixtures of Different Charge Type Surfactants. Journal of Colloid and Interface 
Science, 173, 42-48. 
 
ROSEN, M. & TRACY, D. 1998. Gemini surfactants. Journal of Surfactants and Detergents, 
1, 547-554. 
 
RUST, D. & WILDES, d. 2008. Surfactants: A market opportunity study, United soybean 
board, Omni Tech International, Ltd., Midland. 
 
SMALL, T. P., ROE, D. C. & WILLIAM, W. 2003. Dewatering Sand with Surfactants. 
United States patent application 10/136,174. 
. 
 
TADROS, T. F. 2005. Applied Surfactants: Principles and Applications, Weinheim, WILEY-
VCH Verlag GmbH & Co. KGaA. 
 
TAN, X., ZHANG, L., ZHAO, S., YU, J. & AN, J. 2004. Synthesis and study of the surface 
properties of long-chain alkylnaphthalene sulfonates. Journal of Surfactants and 
Detergents, 7, 135-139. 
 
TODD, D. K. 1980. Ground water hydrology, Wiley. 
 
 53 
TSCHAPEK, M., FALASCA, S. & WASOWSKI, C. 1985. The undrainable water in quartz 
sand and glass beads. Powder Technology, 42, 175-180. 
 
 
WOLF, C., STORM, T., LANGE, F. T., REEMTSMA, T., BRAUCH, H.-J., EBERLE, S. H. 
& JEKEL, M. 2000. Analysis of Sulfonated Naphthalene−Formaldehyde Condensates 
by Ion-Pair Chromatography and Their Quantitative Determination from Aqueous 
Environmental Samples. Analytical Chemistry, 72, 5466-5472. 
 
 
YANG, D., QIU, X., ZHOU, M. & LOU, H. 2007. Properties of sodium lignosulfonate as 
dispersant of coal water slurry. Energy Conversion and Management, 48, 2433-2438. 
 
YOON, R. H. 2005. Methods of enhancing fine particle dewatering 11/833,402. 
 
 54 
APPENDIX A: CONVERSION METHOD FOR MOISTURE 
SENSORS 
 
Conversion of moisture probe result (mV) to volumetric water content (VWC%) 
 
Date Time 
Probe 
1(mV) 
Oven Dry 
Test 
Result 
Probe 2 
(mV) 
Oven Dry Test 
Result 
08/08/2011 12:20:00 525.55 35% 537.73 35% 
11/08/2011 12:15:00 201.55 9% 230.77 12% 
 
 
y = 0.0007x - 0.0529
y = 0.0008x - 0.0717
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APPENDIX B: PICTURES OF THE SYSTEM SETUP  
 
 
Picture 1: Spiral drain setup at the base 
 
 
Picture 2: Sample sand pile with moisture probe placed inside 
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Picture 3: Tensiometers 
 
 
 
Picture 4: Suction pump 
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Picture 5: Column of Sand 
 
 
Picture 6: Boral Quarry Plant- water stays at the piles base 
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ABSTRACT 
In most sand quarries a wet process is used to obtain sand and separate it from minerals. The 
final wet product with 20% of moisture content is stockpiled to dry, since it can not be sold 
unless reaching the required 5-6% of moisture. Quarries keep the sand in the plant for about 
two weeks to dry. Space limit and delays in production process are the problems quarries are 
facing these days. Water among sand particles gradually drain through the particles spaces 
and remains in the base of the pile. A drainage system consisting of a perforated pipe and a 
suction pump has been designed to remove water out of the sand pile base. The moisture 
reduction trend is monitored. Results show the system can be an improvement in the drying 
process. 
INTRODUCTION 
One of the fundamental parts of the concrete is sand. The majority of sand quarries use the 
same production procedure. The raw material is excavated from the mines and then crushed, 
washed, dewatered and aggregated.  
Since the moisture is vital in concreting for having a high quality concrete, it is essential to 
have the basic material with specific moisture content. The desirable moisture content for 
sand is about 5-6%.  
The quarries final sand product usually contains about 20% of moisture. Sand is piled in the 
plant for 7 days and is kept there for another 8 days to dry. During this period, the quarries 
can not produce sand often due to lack of space. After 8 days the sand moisture content is 
reduced to 5-6% and can be sold and removed from the plant and the quarry production cycle 
starts again. 
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With the aim of optimizing the production in quarry, a personal communication from Boral 
Quarry in Bacchus Marsh conducted a study to investigate the drying process in the sand 
piles and offering a solution to an enhanced drainage and drying process of the piles and 
eventually optimizing the production. In this regard, a moisture probe placed at 2 meters 
above the base of a 25m pile in the quarry plant. The probe recorded moisture contents 
continuously for the whole period; starting from piling to the time sand reaches the saleable 
moisture (Fig. 1). No specific drainage system is considered in the plant and under the sand 
piles. Fig 
1: Drying trend of sand pile on quarry plant (Boral Quarry at Bacchus Marsh) 
The sand moisture when the sand is first piled is more than 20%. The moisture is constant 
during the time when the production is still in process. Wet sand is being added to the pile 
until day 7. As soon as the pilling stops (day 8), the moisture content drops quickly due to 
gravity drainage of excess water between sand particles. The moisture drops from about 21% 
to 9% within a few hours. But the drainage rate decreases as the excess water has drained and 
what remains can not leave the system smoothly since capillary pressure and the surface 
tension resist the gravity (Bear and Verruijt 1987). From this point, the drying process with 
drainage or evaporation happens very slowly. It takes 7 days for the moisture content to 
decrease from 9% to 5%. 
A patented method (McGarry 1984) suggested a suction system at the base of the pile can be 
very effective in the drying process of granular materials. The system consists of a 
convoluted spiral perforated pipe placed at the base of the pile and attached to a suction pump 
through a connection pipe.  
The objective of this study was to find a quantitative rate of drainage from the sand stock 
pile. In this regard, a sample sand pile was made at the RMIT laboratory and the process of 
the drying was monitored, using a suction pump. 
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Experimental materials 
Concrete Sand: supplied by Rocla Pty Ltd, with specific gravity of 2.55g/cm³. 
Moisture sensors: MP 406 Moisture probe. Supplied by ICT International. Sensors were 
connected to a logger and set to read the moisture for every minute. The sensors were 
calibrated with the sand used for the experiment based on the oven dry method 
(AS1289.2.1.1-2005) and separately for each sensor. The out put of the sensors was in 
millivolt which had a linear relation with moisture content (VWC). The temperature 
calibration of the probes has been ignored since the temperature effect on probes in sandy 
system is negligible (Merlin et al. 2007). 
Suction Pump: Sparmax TV 701 Diaphragm vacuum pump supplied by Dynapumps. 
Maximum suction capacity 80 kPa. The pump is equipped with a container that removes the 
water, since the pump is sensitive to water and basically is an air suction pump. The dish 
volume is 1 litre, therefore during the first few hours of working the pump was stopped 
several times to empty the filled-container and also let the pump motor to cool down. 
Perforated pipe: 20mm in diameter and spongy material. 
A metal box: 70 × 70 × 70 cm, modified with 16 holes with 30mm diameter on the bottom 
for drainage. To stop the sand from pouring outside through the holes, they were strained 
with fine mesh. 
Experimental Procedure 
Free drainage 
The sand was mixed with water and placed on to the metal box in a way to shape a pile with 
600 mm height and 700 mm diameter at the base. The probes were buried inside the pile. The 
first probe was placed at 150mm from the bottom and the second one at 350mm. The probes 
were connected to a data logger that read and recorded the moisture of the sand for every 
minute for several days. (Fig.2) 
Probe 2
Probe 1
 
Fig. 2: Experimental setup 
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The drainage was rapid for the first few hours. Water started draining out of the base holes as 
the wet sand was placed in the box. The moisture content of the sand was about 22% at the 
starting point of the experiment. The moisture dropped down gradually with time. The rapid 
drainage during the first few hours is more obvious for the probe 2 that was placed on the top 
(Fig.3). Probe 1 showed a near constant drying process due to the water gathered at the base 
and drainage through the holes happens relatively slowly (Fig. 4). The holes in the metal box 
are designed to let the excess water out. 
The sand stayed in the box and in the lab condition for 14 days. On day 14 the moisture 
decreases to 8% (at the second probe point). Since after day 2, no water had trickled out from 
the holes, therefore, it has been concluded that the moisture has decreased due to evaporation 
only and the lab conditions (no fresh air, wind or sunlight) made the process even slower.  
 
F ig.3: Monitoring of moisture content at the point of probe 2 
 
Fig.4: Monitoring of moisture content at the point of probe 1 
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Drainage by using perforated pipe 
A suction system consisting of a perforated pipe and a suction pump was prepared (Fig. 5). 
The perforated pipe was fixed with convoluted shape on a wooden board and placed on the 
bottom of the box. It is worth mentioning that the holes are covered and no drainage is 
possible through them. 
Suction Pump Perforated pipe
Board
 
Fig. 5: The perforated pipe attached to the pump 
The perforated pipe was attached to the suction pump with a connecting pipe. The sand was 
placed over the perforated pipe and probes were situated in the same positions. The pump 
was working for the majority of the first few hours except for short intervals needed for 
emptying the water collected and cooling of the pump. The amount of the water coming out 
was considerable but decreased with time. The sharp drops in the graphs show the periods 
that the pump was working. 
 
Results and discussion 
The moisture content reduction at the point of probe two is fast and obvious for the first few 
hours with pump working. No fluctuation is obvious due to the distance between probe and 
the perforated pipe comparing to the first probe (Fig. 7). The moisture content decreased to 
about 4% after 3 days. 
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Fig.6: Monitoring of moisture content at the point of probe 2 
Probe 1 show fluctuations with pump started and stopped working (Fig. 7). The negative 
pressure increase in the stock pile affects the drainage behaviour. The water moves toward 
the perforated pipe when the negative pressure created with the pump working, but as soon as 
the pump stops, the water moves back to the areas with lower moisture content and caused 
the probe shows a slight increase in moisture. The moisture content of the sample decreased 
to 10% in just one day and after 3 days probe shows about 8% of moisture. The pump was 
not working continuously during this period.  
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Fig.7: Monitoring of moisture content at the point of probe 1 
The suction capacity of the pump was 50kPa at the start of the experiment and it decreased 
with moisture reduction in progress. On the third day no water was drained through the pipe 
and the pump could get air and the pressure decreased to less than 20kPa (Fig. 8). 
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Fig. 8: Pump suction capacity 
The drainage system worked very effectively on the sample sand pile and drainage process 
happened in one third of the normal period. However, the size of the sample pile and the 
capacity of the pump used for it should be compatible. The drying trend in the plant is quit 
different and is under the influence of weather conditions.  
CONCLUSION 
By using the suction system, the moisture reaches to 4-8% in just 3 days while with no 
suction system it took more than 2 weeks. This is a preliminary study and more investigation 
is needed in the future. 
REFERENCES 
Australian Standard 2005, Methods of Testing Soils for Engineering Purposes, AS1289.2.1.1-
2005, Standards Australia Limited, Sydney. 
Bear, J and Verruijt, A 1987, Modelling Groundwater Flow and Pollution, D. Reidel 
Publishing Company, Dordrecht. 
Mcgarry, LJ Sykes pumps limited (GB) A method for reducing the moisture content of stock 
piled granular material, E.Patent: 0126599 Nov. 28 1984  
Merlin, O., Walker, J. P., Panciera, R., Young, R., Kalma, J.D. and Kim, E.J. 2007, 
‘Calibration of a Soil Moisture Sensor in Heterogeneous Terrain with the National Airborne 
Field Experiment (NAFE) Data’, Oxley, L. and Kulasiri, D. , MODSIM 2007 International 
Congress on Modelling and Simulation. Modelling and Simulation Society of Australia and 
New Zealand, December 2007, pp. 2604-2610.  
 65 
APPENDIX D: RESULTS OF THE EXPERIMNTS 
 
Result for free drainage of fine sand 
 Probe 1 Probe 2 
Date 
(dd/mm/yy) 
Time 
(hr:min:sec) 
Moisture 
(%) 
Moisture 
(%) 
1/02/2011 17:50:00 21 24.45693 
1/02/2011 17:51:00 20 24.45693 
1/02/2011 17:52:00 20 24.461825 
1/02/2011 17:53:00 22 24.461825 
1/02/2011 17:54:00 21 24.461825 
1/02/2011 17:55:00 21 24.461825 
1/02/2011 17:56:00 21 24.461825 
1/02/2011 17:57:00 20 24.461825 
1/02/2011 17:58:00 20 24.461825 
1/02/2011 17:59:00 20 24.461825 
1/02/2011 18:00:00 20 24.46672 
1/02/2011 18:01:00 20 24.461825 
1/02/2011 18:02:00 19 24.461825 
1/02/2011 18:03:00 19 24.461825 
1/02/2011 18:04:00 19 24.461825 
1/02/2011 18:05:00 19 24.461825 
1/02/2011 18:06:00 19 24.461825 
1/02/2011 18:07:00 19 24.461825 
1/02/2011 18:08:00 19 24.45693 
1/02/2011 18:09:00 18 24.461825 
1/02/2011 18:10:00 18 24.461825 
1/02/2011 18:11:00 18 24.45693 
1/02/2011 18:12:00 18 24.45693 
1/02/2011 18:13:00 18 24.45693 
1/02/2011 18:14:00 18 24.452035 
1/02/2011 18:15:00 18 24.452035 
1/02/2011 18:16:00 18 24.452035 
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1/02/2011 18:17:00 18 24.44714 
1/02/2011 18:18:00 18 24.43379 
1/02/2011 18:19:00 18 24.428895 
1/02/2011 18:20:00 18 24.428895 
1/02/2011 18:21:00 17 24.428895 
1/02/2011 18:22:00 17 24.424 
1/02/2011 18:23:00 17 24.424 
1/02/2011 18:24:00 17 24.424 
1/02/2011 18:25:00 17 24.424 
1/02/2011 18:26:00 17 24.424 
1/02/2011 18:27:00 17 24.419105 
1/02/2011 18:28:00 17 24.419105 
1/02/2011 18:29:00 17 24.419105 
1/02/2011 18:30:00 17 24.41421 
1/02/2011 18:31:00 17 24.41421 
1/02/2011 18:32:00 17 24.41421 
1/02/2011 18:33:00 17 24.41421 
1/02/2011 18:34:00 17 24.409315 
1/02/2011 18:35:00 17 24.409315 
1/02/2011 18:36:00 17 24.409315 
1/02/2011 18:37:00 17 24.40442 
1/02/2011 18:38:00 17 24.399525 
1/02/2011 18:39:00 17 24.40442 
1/02/2011 18:40:00 17 24.40442 
1/02/2011 18:41:00 17 24.399525 
1/02/2011 18:42:00 17 24.399525 
1/02/2011 18:43:00 17 24.399525 
1/02/2011 18:44:00 17 24.39463 
1/02/2011 18:45:00 17 24.389735 
1/02/2011 18:46:00 17 24.389735 
1/02/2011 18:47:00 17 24.389735 
1/02/2011 18:48:00 17 24.389735 
1/02/2011 18:49:00 17 24.38484 
1/02/2011 18:50:00 17 24.38484 
 67 
1/02/2011 18:51:00 17 24.379945 
1/02/2011 18:52:00 17 24.38484 
1/02/2011 18:53:00 16 24.37505 
1/02/2011 18:54:00 16 24.379945 
1/02/2011 18:55:00 16 24.37505 
1/02/2011 18:56:00 16 24.370155 
1/02/2011 18:57:00 16 24.370155 
1/02/2011 18:58:00 16 24.370155 
1/02/2011 18:59:00 16 24.36526 
1/02/2011 19:00:00 16 24.36526 
1/02/2011 19:01:00 16 24.36526 
1/02/2011 19:02:00 16 24.36526 
1/02/2011 19:03:00 16 24.36526 
1/02/2011 19:04:00 16 24.36526 
1/02/2011 19:05:00 16 24.360365 
1/02/2011 19:06:00 16 24.35547 
1/02/2011 19:07:00 16 24.35547 
1/02/2011 19:08:00 16 24.35547 
1/02/2011 19:09:00 16 24.35547 
1/02/2011 19:10:00 16 24.34568 
1/02/2011 19:11:00 16 24.350575 
1/02/2011 19:12:00 16 24.34568 
1/02/2011 19:13:00 16 24.34568 
1/02/2011 19:14:00 16 24.34568 
1/02/2011 19:15:00 16 24.340785 
1/02/2011 19:16:00 16 24.34568 
1/02/2011 19:17:00 16 24.33589 
1/02/2011 19:18:00 16 24.33589 
1/02/2011 19:19:00 16 24.340785 
1/02/2011 19:20:00 16 24.330995 
1/02/2011 19:21:00 16 24.330995 
1/02/2011 19:22:00 16 24.330995 
1/02/2011 19:23:00 16 24.330995 
1/02/2011 19:24:00 16 24.3261 
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1/02/2011 19:25:00 16 24.3261 
1/02/2011 19:26:00 16 24.3261 
1/02/2011 19:27:00 16 24.32076 
1/02/2011 19:28:00 16 24.32076 
1/02/2011 19:29:00 16 24.3261 
1/02/2011 19:30:00 16 24.32076 
1/02/2011 19:31:00 16 24.315865 
1/02/2011 19:32:00 16 24.315865 
1/02/2011 19:33:00 16 24.315865 
1/02/2011 19:34:00 16 24.31097 
1/02/2011 19:35:00 16 24.31097 
1/02/2011 19:36:00 16 24.31097 
1/02/2011 19:37:00 16 24.306075 
1/02/2011 19:38:00 16 24.31097 
1/02/2011 19:39:00 16 24.30118 
1/02/2011 19:40:00 16 24.30118 
1/02/2011 19:41:00 16 24.30118 
1/02/2011 19:42:00 16 24.306075 
1/02/2011 19:43:00 16 24.30118 
1/02/2011 19:44:00 16 24.30118 
1/02/2011 19:45:00 16 24.296285 
1/02/2011 19:46:00 16 24.296285 
1/02/2011 19:47:00 16 24.296285 
1/02/2011 19:48:00 16 24.296285 
1/02/2011 19:49:00 16 24.29139 
1/02/2011 19:50:00 16 24.27537 
1/02/2011 19:51:00 16 24.270475 
1/02/2011 19:52:00 16 24.270475 
1/02/2011 19:53:00 16 24.270475 
1/02/2011 19:54:00 16 24.26558 
1/02/2011 19:55:00 16 24.26558 
1/02/2011 19:56:00 16 24.26558 
1/02/2011 19:57:00 16 24.26558 
1/02/2011 19:58:00 16 24.25579 
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1/02/2011 19:59:00 16 24.260685 
1/02/2011 20:00:00 16 24.25579 
1/02/2011 20:01:00 16 24.25579 
1/02/2011 20:02:00 16 24.25579 
1/02/2011 20:03:00 16 24.25579 
1/02/2011 20:04:00 16 24.250895 
1/02/2011 20:05:00 16 24.250895 
1/02/2011 20:06:00 16 24.246 
1/02/2011 20:07:00 16 24.250895 
1/02/2011 20:08:00 16 24.246 
1/02/2011 20:09:00 16 24.246 
1/02/2011 20:10:00 16 24.241105 
1/02/2011 20:11:00 16 24.246 
1/02/2011 20:12:00 16 24.241105 
1/02/2011 20:13:00 16 24.241105 
1/02/2011 20:14:00 16 24.241105 
1/02/2011 20:15:00 16 24.23621 
1/02/2011 20:16:00 16 24.23621 
 
Please refer to the attached CD for full results 
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Result for free drainage of medium sand 
 Probe 1 Probe 2 Scale 
Tensio 
2 
Date 
(dd/mm/yy) 
Time 
(hr:min:sec) 
Moisture 
(%) 
Moisture 
(%) 
Mass       
(g) 
Pressure 
(kPa) 
3/06/2011 13:45:00 29 30 327210 -80 
3/06/2011 13:50:00 27 30 326660 -81 
3/06/2011 13:55:00 25 30 326560 -81 
3/06/2011 14:00:00 24 30 326560 -82 
3/06/2011 14:05:00 23 30 326090 -82 
3/06/2011 14:10:00 22 30 326100 -82 
3/06/2011 14:15:00 21 30 326070 -82 
3/06/2011 14:20:00 21 30 326080 -82 
3/06/2011 14:25:00 20 30 326070 -82 
3/06/2011 14:30:00 20 30 326030 -82 
3/06/2011 14:35:00 19 30 326030 -82 
3/06/2011 14:40:00 19 30 326030 -82 
3/06/2011 14:45:00 19 30 326030 -82 
3/06/2011 14:50:00 18 30 325970 -82 
3/06/2011 14:55:00 18 30 326020 -83 
3/06/2011 15:00:00 18 30 325970 -83 
3/06/2011 15:05:00 18 30 325960 -83 
3/06/2011 15:10:00 18 30 325940 -83 
3/06/2011 15:15:00 17 30 325990 -83 
3/06/2011 15:20:00 17 29 326000 -83 
3/06/2011 15:25:00 17 29 325960 -83 
3/06/2011 15:30:00 17 29 325980 -83 
3/06/2011 15:35:00 17 29 325990 -83 
3/06/2011 15:40:00 17 29 325940 -83 
3/06/2011 15:45:00 17 29 325990 -83 
3/06/2011 15:50:00 17 29 325930 -83 
3/06/2011 15:55:00 16 29 325940 -83 
3/06/2011 16:00:00 16 29 325940 -83 
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3/06/2011 16:05:00 16 29 325910 -83 
3/06/2011 16:10:00 16 29 325960 -83 
3/06/2011 16:15:00 16 29 325880 -83 
3/06/2011 16:20:00 16 29 325860 -83 
3/06/2011 16:25:00 16 29 325880 -83 
3/06/2011 16:30:00 16 29 325860 -83 
3/06/2011 16:35:00 16 29 325850 -83 
3/06/2011 16:40:00 16 29 325880 -83 
3/06/2011 16:45:00 16 29 325840 -83 
3/06/2011 16:50:00 16 29 325840 -83 
3/06/2011 16:55:00 15 29 325830 -83 
3/06/2011 17:00:00 15 29 325840 -83 
3/06/2011 17:05:00 15 29 325840 -83 
3/06/2011 17:10:00 15 29 325860 -83 
3/06/2011 17:15:00 15 29 323390 -83 
3/06/2011 17:20:00 15 29 322410 -82 
3/06/2011 17:25:00 15 29 322320 -83 
3/06/2011 17:30:00 15 29 322330 -83 
3/06/2011 17:35:00 15 29 322320 -83 
3/06/2011 17:40:00 15 29 322340 -83 
3/06/2011 17:45:00 15 29 322320 -83 
3/06/2011 17:50:00 15 29 322340 -83 
3/06/2011 17:55:00 15 29 322340 -83 
3/06/2011 18:00:00 15 29 322290 -83 
3/06/2011 18:05:00 15 29 322340 -83 
3/06/2011 18:10:00 15 29 322340 -83 
3/06/2011 18:15:00 15 29 322340 -83 
3/06/2011 18:20:00 15 29 322320 -83 
3/06/2011 18:25:00 15 29 322340 -83 
3/06/2011 18:30:00 15 29 322320 -83 
3/06/2011 18:35:00 15 29 322330 -83 
3/06/2011 18:40:00 15 29 322370 -83 
3/06/2011 18:45:00 14 29 322300 -83 
3/06/2011 18:50:00 14 29 322260 -83 
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3/06/2011 18:55:00 14 29 322300 -83 
3/06/2011 19:00:00 14 29 322230 -83 
3/06/2011 19:05:00 14 29 322240 -83 
3/06/2011 19:10:00 14 29 322240 -83 
3/06/2011 19:15:00 14 29 322240 -83 
3/06/2011 19:20:00 14 29 322230 -83 
3/06/2011 19:25:00 14 29 322210 -83 
3/06/2011 19:30:00 14 29 322230 -83 
3/06/2011 19:35:00 14 29 322240 -83 
3/06/2011 19:40:00 14 29 322270 -83 
3/06/2011 19:45:00 14 29 322230 -83 
3/06/2011 19:50:00 14 29 322210 -83 
3/06/2011 19:55:00 14 29 322170 -83 
3/06/2011 20:00:00 14 29 322170 -83 
3/06/2011 20:05:00 14 29 322210 -83 
3/06/2011 20:10:00 14 29 322180 -83 
3/06/2011 20:15:00 14 29 322220 -83 
3/06/2011 20:20:00 14 29 322150 -83 
3/06/2011 20:25:00 14 29 322120 -83 
3/06/2011 20:30:00 14 29 322150 -83 
3/06/2011 20:35:00 14 29 322110 -83 
3/06/2011 20:40:00 14 29 322160 -83 
3/06/2011 20:45:00 14 29 322150 -83 
3/06/2011 20:50:00 14 29 322150 -83 
3/06/2011 20:55:00 14 29 322150 -83 
3/06/2011 21:00:00 14 29 322100 -83 
3/06/2011 21:05:00 14 29 322100 -83 
3/06/2011 21:10:00 14 29 322100 -83 
3/06/2011 21:15:00 14 29 322070 -83 
3/06/2011 21:20:00 14 29 322080 -83 
3/06/2011 21:25:00 14 29 322130 -83 
3/06/2011 21:30:00 14 29 322080 -83 
3/06/2011 21:35:00 14 29 322060 -84 
3/06/2011 21:40:00 14 29 322080 -84 
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3/06/2011 21:45:00 14 29 322060 -84 
3/06/2011 21:50:00 14 29 322080 -84 
3/06/2011 21:55:00 14 29 322040 -84 
3/06/2011 22:00:00 14 29 322070 -84 
3/06/2011 22:05:00 14 29 322040 -84 
3/06/2011 22:10:00 14 29 322100 -84 
3/06/2011 22:15:00 14 29 322050 -84 
3/06/2011 22:20:00 14 29 322030 -84 
3/06/2011 22:25:00 14 29 322010 -84 
3/06/2011 22:30:00 14 29 322040 -84 
3/06/2011 22:35:00 14 29 322040 -84 
3/06/2011 22:40:00 13 29 322090 -84 
3/06/2011 22:45:00 13 29 322060 -84 
3/06/2011 22:50:00 13 29 322050 -83 
3/06/2011 22:55:00 13 29 322040 -84 
3/06/2011 23:00:00 13 29 322040 -83 
3/06/2011 23:05:00 13 29 322010 -84 
3/06/2011 23:10:00 13 29 322040 -84 
3/06/2011 23:15:00 13 29 322020 -84 
3/06/2011 23:20:00 13 29 322020 -84 
3/06/2011 23:25:00 13 29 322020 -84 
3/06/2011 23:30:00 13 29 321980 -84 
3/06/2011 23:35:00 13 29 322000 -84 
3/06/2011 23:40:00 13 29 322020 -84 
3/06/2011 23:45:00 13 29 321960 -84 
3/06/2011 23:50:00 13 29 321980 -84 
3/06/2011 23:55:00 13 29 321950 -84 
4/06/2011 0:00:00 13 29 321990 -84 
4/06/2011 0:05:00 13 29 321930 -84 
4/06/2011 0:10:00 13 29 321940 -84 
4/06/2011 0:15:00 13 29 321940 -84 
4/06/2011 0:20:00 13 29 321950 -84 
4/06/2011 0:25:00 13 29 321940 -84 
4/06/2011 0:30:00 13 29 321940 -84 
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4/06/2011 0:35:00 13 29 321960 -84 
4/06/2011 0:40:00 13 29 321950 -84 
4/06/2011 0:45:00 13 29 321950 -84 
4/06/2011 0:50:00 13 29 321900 -84 
4/06/2011 0:55:00 13 29 321930 -84 
4/06/2011 1:00:00 13 29 321910 -84 
4/06/2011 1:05:00 13 29 321920 -84 
4/06/2011 1:10:00 13 29 321900 -84 
4/06/2011 1:15:00 13 29 321910 -84 
4/06/2011 1:20:00 13 29 321950 -84 
4/06/2011 1:25:00 13 29 321940 -84 
4/06/2011 1:30:00 13 29 321920 -84 
4/06/2011 1:35:00 13 29 321890 -84 
4/06/2011 1:40:00 13 29 321910 -84 
4/06/2011 1:45:00 13 29 321910 -84 
4/06/2011 1:50:00 13 29 321890 -84 
4/06/2011 1:55:00 13 29 321930 -84 
 
Please refer to the attached CD for full results 
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Result for spiral drain (fine sand) 
 Probe 1 Probe 2 
Date 
(dd/mm/yy) 
Time 
(hr:min:sec) 
Moisture 
(%) 
Moisture 
(%) 
17/02/2011 13:47:00 23 23 
17/02/2011 13:48:00 23 22 
17/02/2011 13:49:00 23 22 
17/02/2011 13:50:00 23 21 
17/02/2011 13:51:00 22 21 
17/02/2011 13:52:00 22 20 
17/02/2011 13:53:00 22 20 
17/02/2011 13:54:00 22 19 
17/02/2011 13:55:00 22 19 
17/02/2011 13:56:00 21 19 
17/02/2011 13:57:00 21 18 
17/02/2011 13:58:00 21 18 
17/02/2011 13:59:00 21 18 
17/02/2011 14:00:00 21 17 
17/02/2011 14:01:00 21 17 
17/02/2011 14:02:00 21 18 
17/02/2011 14:03:00 20 18 
17/02/2011 14:04:00 20 18 
17/02/2011 14:05:00 20 17 
17/02/2011 14:06:00 20 17 
17/02/2011 14:07:00 20 17 
17/02/2011 14:08:00 20 17 
17/02/2011 14:09:00 19 17 
17/02/2011 14:10:00 19 16 
17/02/2011 14:11:00 19 16 
17/02/2011 14:12:00 18 16 
17/02/2011 14:13:00 18 16 
17/02/2011 14:14:00 18 16 
17/02/2011 14:15:00 18 16 
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17/02/2011 14:16:00 17 16 
17/02/2011 14:17:00 17 15 
17/02/2011 14:18:00 17 15 
17/02/2011 14:19:00 17 15 
17/02/2011 14:20:00 17 15 
17/02/2011 14:21:00 16 15 
17/02/2011 14:22:00 16 15 
17/02/2011 14:23:00 16 15 
17/02/2011 14:24:00 16 15 
17/02/2011 14:25:00 16 15 
17/02/2011 14:26:00 16 14 
17/02/2011 14:27:00 16 14 
17/02/2011 14:28:00 16 14 
17/02/2011 14:29:00 16 14 
17/02/2011 14:30:00 16 14 
17/02/2011 14:31:00 17 14 
17/02/2011 14:32:00 17 14 
17/02/2011 14:33:00 17 14 
17/02/2011 14:34:00 17 14 
17/02/2011 14:36:00 17 14 
17/02/2011 14:36:01 17 14 
17/02/2011 14:36:02 17 14 
17/02/2011 14:36:03 17 14 
17/02/2011 14:36:04 17 14 
17/02/2011 14:36:05 17 14 
17/02/2011 14:36:06 17 14 
17/02/2011 14:36:07 17 14 
17/02/2011 14:36:08 17 14 
17/02/2011 14:36:09 17 14 
17/02/2011 14:36:10 17 14 
17/02/2011 14:36:11 17 14 
17/02/2011 14:36:12 17 14 
17/02/2011 14:36:13 17 14 
17/02/2011 14:36:14 17 14 
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17/02/2011 14:36:15 17 14 
17/02/2011 14:36:16 17 14 
17/02/2011 14:36:17 17 14 
17/02/2011 14:36:18 17 14 
17/02/2011 14:36:19 17 14 
17/02/2011 14:36:20 17 14 
17/02/2011 14:36:21 17 14 
17/02/2011 14:36:22 17 14 
17/02/2011 14:36:23 17 14 
17/02/2011 14:36:24 17 14 
17/02/2011 14:36:25 17 14 
17/02/2011 14:36:26 17 14 
17/02/2011 14:36:27 17 14 
17/02/2011 14:36:28 17 14 
17/02/2011 14:36:29 17 14 
17/02/2011 14:36:30 17 14 
17/02/2011 14:36:31 17 14 
17/02/2011 14:36:32 17 14 
17/02/2011 14:36:33 17 14 
17/02/2011 14:36:34 17 14 
17/02/2011 14:36:35 17 14 
17/02/2011 14:36:36 17 14 
17/02/2011 14:36:37 17 14 
17/02/2011 14:36:38 17 14 
17/02/2011 14:36:39 17 14 
17/02/2011 14:36:40 17 14 
17/02/2011 14:36:41 17 14 
17/02/2011 14:36:42 17 14 
17/02/2011 14:36:43 17 14 
17/02/2011 14:36:44 17 14 
17/02/2011 14:36:45 17 14 
17/02/2011 14:36:46 17 14 
17/02/2011 14:36:47 17 14 
17/02/2011 14:36:48 17 14 
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17/02/2011 14:36:49 17 14 
17/02/2011 14:36:50 17 14 
17/02/2011 14:36:51 17 14 
17/02/2011 14:36:52 17 14 
17/02/2011 14:36:53 17 14 
17/02/2011 14:36:54 17 14 
17/02/2011 14:36:55 17 14 
17/02/2011 14:36:56 17 14 
17/02/2011 14:36:57 17 14 
17/02/2011 14:36:58 17 14 
17/02/2011 14:36:59 17 14 
17/02/2011 14:37:00 17 14 
17/02/2011 14:37:01 17 14 
17/02/2011 14:37:02 17 14 
17/02/2011 14:37:03 17 14 
17/02/2011 14:37:04 17 14 
17/02/2011 14:37:05 17 14 
17/02/2011 14:37:06 17 14 
17/02/2011 14:37:07 17 14 
17/02/2011 14:37:08 17 14 
17/02/2011 14:37:09 17 14 
17/02/2011 14:37:10 17 14 
17/02/2011 14:37:11 17 14 
17/02/2011 14:37:12 17 14 
17/02/2011 14:37:13 17 14 
17/02/2011 14:37:14 17 14 
17/02/2011 14:37:15 17 14 
17/02/2011 14:37:16 17 14 
17/02/2011 14:37:17 17 14 
17/02/2011 14:37:18 17 14 
17/02/2011 14:37:19 17 14 
17/02/2011 14:37:20 17 14 
17/02/2011 14:37:21 16 14 
17/02/2011 14:37:22 16 14 
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17/02/2011 14:37:23 16 14 
17/02/2011 14:37:24 16 14 
17/02/2011 14:37:25 16 14 
17/02/2011 14:37:26 16 14 
17/02/2011 14:37:27 16 13 
17/02/2011 14:37:28 16 14 
17/02/2011 14:37:29 16 13 
17/02/2011 14:37:30 16 13 
17/02/2011 14:37:31 16 13 
17/02/2011 14:37:32 16 13 
17/02/2011 14:37:33 16 13 
17/02/2011 14:37:34 16 13 
17/02/2011 14:37:35 16 13 
17/02/2011 14:37:36 16 13 
17/02/2011 14:37:37 16 13 
17/02/2011 14:37:38 16 13 
 
Please refer to the attached CD for full results 
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Result for spiral drain (medium sand) 
 Probe 1 Probe 2 
Date 
(dd/mm/yy) 
Time 
(hr:min:sec) 
Moisture 
(%) 
Moisture 
(%) 
24/04/2011 15:35:00 31.91 38.26 
24/04/2011 15:40:00 31.99 38.01 
24/04/2011 15:45:00 32.10 38.07 
24/04/2011 15:50:00 32.05 37.87 
24/04/2011 15:55:00 31.90 37.68 
24/04/2011 16:00:00 31.73 37.57 
24/04/2011 16:05:00 31.54 37.33 
24/04/2011 16:10:00 31.26 40.61 
24/04/2011 16:15:00 31.18 37.30 
24/04/2011 16:20:00 31.06 34.42 
24/04/2011 16:25:00 30.78 33.56 
24/04/2011 16:30:00 30.48 30.72 
24/04/2011 16:35:00 30.19 28.19 
24/04/2011 16:40:00 29.92 26.90 
24/04/2011 16:45:00 29.61 27.65 
24/04/2011 16:50:00 29.35 27.43 
24/04/2011 16:55:00 29.09 27.13 
24/04/2011 17:00:00 28.84 27.41 
24/04/2011 17:05:00 28.60 27.67 
24/04/2011 17:10:00 28.33 27.87 
24/04/2011 17:15:00 28.12 27.98 
24/04/2011 17:20:00 27.87 28.06 
24/04/2011 17:25:00 27.63 28.12 
24/04/2011 17:30:00 27.42 28.16 
24/04/2011 17:35:00 27.19 28.19 
24/04/2011 17:40:00 27.01 28.23 
24/04/2011 17:45:00 26.80 28.27 
24/04/2011 17:50:00 26.63 28.29 
24/04/2011 17:55:00 26.44 28.31 
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24/04/2011 18:00:00 26.25 28.33 
24/04/2011 18:05:00 26.07 28.36 
24/04/2011 18:10:00 25.90 28.37 
24/04/2011 18:15:00 25.73 28.38 
24/04/2011 18:20:00 25.57 28.39 
24/04/2011 18:25:00 25.40 28.40 
24/04/2011 18:30:00 25.24 28.41 
24/04/2011 18:35:00 25.09 28.42 
24/04/2011 18:40:00 24.92 28.43 
24/04/2011 18:45:00 24.79 28.43 
24/04/2011 18:50:00 24.66 28.45 
24/04/2011 18:55:00 24.49 28.45 
24/04/2011 19:00:00 24.35 28.45 
24/04/2011 19:05:00 24.26 28.46 
24/04/2011 19:10:00 24.12 28.46 
24/04/2011 19:15:00 23.99 28.48 
24/04/2011 19:20:00 23.87 28.48 
24/04/2011 19:25:00 23.74 28.48 
24/04/2011 19:30:00 23.63 28.48 
24/04/2011 19:35:00 23.52 28.49 
24/04/2011 19:40:00 23.39 28.48 
24/04/2011 19:45:00 23.29 28.46 
24/04/2011 19:50:00 23.16 28.48 
24/04/2011 19:55:00 23.05 28.48 
24/04/2011 20:00:00 22.93 28.48 
24/04/2011 20:05:00 22.82 28.48 
24/04/2011 20:10:00 22.70 28.46 
24/04/2011 20:15:00 22.60 28.48 
24/04/2011 20:20:00 22.50 28.46 
24/04/2011 20:25:00 22.40 28.46 
24/04/2011 20:30:00 22.29 28.46 
24/04/2011 20:35:00 22.19 28.45 
24/04/2011 20:40:00 22.12 28.45 
24/04/2011 20:45:00 22.01 28.45 
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24/04/2011 20:50:00 21.92 28.45 
24/04/2011 20:55:00 21.83 28.44 
24/04/2011 21:00:00 21.73 28.43 
24/04/2011 21:05:00 21.65 28.43 
24/04/2011 21:10:00 21.55 28.43 
24/04/2011 21:15:00 21.49 28.43 
24/04/2011 21:20:00 21.40 28.42 
24/04/2011 21:25:00 21.31 28.41 
24/04/2011 21:30:00 21.22 28.41 
24/04/2011 21:35:00 21.13 28.41 
24/04/2011 21:40:00 21.06 28.41 
24/04/2011 21:45:00 20.99 28.40 
24/04/2011 21:50:00 20.90 28.41 
24/04/2011 21:55:00 20.83 28.39 
24/04/2011 22:00:00 20.76 28.40 
24/04/2011 22:05:00 20.69 28.40 
24/04/2011 22:10:00 20.61 28.39 
24/04/2011 22:15:00 20.55 28.39 
24/04/2011 22:20:00 20.48 28.38 
24/04/2011 22:25:00 20.41 28.38 
24/04/2011 22:30:00 20.36 28.40 
24/04/2011 22:35:00 20.27 28.39 
24/04/2011 22:40:00 20.22 28.39 
24/04/2011 22:45:00 20.15 28.38 
24/04/2011 22:50:00 20.08 28.38 
24/04/2011 22:55:00 20.02 28.38 
24/04/2011 23:00:00 19.95 28.37 
24/04/2011 23:05:00 19.89 28.36 
24/04/2011 23:10:00 19.83 28.36 
24/04/2011 23:15:00 19.76 28.36 
24/04/2011 23:20:00 19.70 28.35 
24/04/2011 23:25:00 19.64 28.34 
24/04/2011 23:30:00 19.59 28.34 
24/04/2011 23:35:00 19.52 28.33 
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24/04/2011 23:40:00 19.45 28.34 
24/04/2011 23:45:00 19.40 28.33 
24/04/2011 23:50:00 19.34 28.32 
24/04/2011 23:55:00 19.29 28.30 
25/04/2011 0:00:00 19.23 28.30 
25/04/2011 0:05:00 19.19 28.30 
25/04/2011 0:10:00 19.12 28.30 
25/04/2011 0:15:00 19.08 28.30 
25/04/2011 0:20:00 19.02 28.30 
25/04/2011 0:25:00 18.97 28.28 
25/04/2011 0:30:00 18.90 28.28 
25/04/2011 0:35:00 18.85 28.27 
25/04/2011 0:40:00 18.81 28.27 
25/04/2011 0:45:00 18.75 28.26 
25/04/2011 0:50:00 18.72 28.26 
25/04/2011 0:55:00 18.67 28.25 
25/04/2011 1:00:00 18.61 28.24 
25/04/2011 1:05:00 18.57 28.23 
25/04/2011 1:10:00 18.52 28.23 
25/04/2011 1:15:00 18.46 28.23 
25/04/2011 1:20:00 18.43 28.22 
25/04/2011 1:25:00 18.39 28.22 
25/04/2011 1:30:00 18.35 28.22 
25/04/2011 1:35:00 18.30 28.21 
25/04/2011 1:40:00 18.25 28.20 
25/04/2011 1:45:00 18.21 28.20 
25/04/2011 1:50:00 18.17 28.18 
25/04/2011 1:55:00 18.12 28.18 
25/04/2011 2:00:00 18.07 28.18 
25/04/2011 2:05:00 18.03 28.16 
25/04/2011 2:10:00 17.98 28.16 
25/04/2011 2:15:00 17.94 28.15 
25/04/2011 2:20:00 17.90 28.15 
25/04/2011 2:25:00 17.84 28.13 
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25/04/2011 2:30:00 17.80 28.13 
25/04/2011 2:35:00 17.76 28.12 
25/04/2011 2:40:00 17.72 28.13 
25/04/2011 2:45:00 17.70 28.12 
25/04/2011 2:50:00 17.65 28.12 
25/04/2011 2:55:00 17.61 28.11 
25/04/2011 3:00:00 17.58 28.11 
25/04/2011 3:05:00 17.54 28.11 
25/04/2011 3:10:00 17.51 28.10 
25/04/2011 3:15:00 17.46 28.09 
25/04/2011 3:20:00 17.41 28.10 
25/04/2011 3:25:00 17.37 28.07 
25/04/2011 3:30:00 17.34 28.06 
25/04/2011 3:35:00 17.31 28.06 
25/04/2011 3:40:00 17.27 28.05 
25/04/2011 3:45:00 17.23 28.05 
 
Please refer to the attached CD for full results 
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NSFC 50gr (medium sand) 
 Probe 1 Probe 2 Scale Tensio 2 
Date 
(dd/mm/yy) 
Time 
(hr:min:sec) 
Moisture 
(%) 
Moisture 
(%) 
Mass       
(g) 
Pressure 
(kPa) 
6/07/2011 13:15:00 36 34 318970 -80 
6/07/2011 13:20:00 36 34 318950 -80 
6/07/2011 13:25:00 36 34 318920 -80 
6/07/2011 13:30:00 36 34 318960 -80 
6/07/2011 13:35:00 36 34 318880 -81 
6/07/2011 13:40:00 36 34 318920 -81 
6/07/2011 13:45:00 36 34 318900 -81 
6/07/2011 13:50:00 35 34 318880 -81 
6/07/2011 13:55:00 34 34 318890 -81 
6/07/2011 14:00:00 33 34 318880 -81 
6/07/2011 14:05:00 33 33 318890 -81 
6/07/2011 14:10:00 32 33 318890 -81 
6/07/2011 14:15:00 32 33 318870 -81 
6/07/2011 14:20:00 31 33 318900 -81 
6/07/2011 14:25:00 31 33 318850 -81 
6/07/2011 14:30:00 31 33 318860 -81 
6/07/2011 14:35:00 30 33 318880 -81 
6/07/2011 14:40:00 30 33 318880 -81 
6/07/2011 14:45:00 30 33 318840 -81 
6/07/2011 14:50:00 30 33 318840 -81 
6/07/2011 14:55:00 29 33 318840 -81 
6/07/2011 15:00:00 29 33 318860 -81 
6/07/2011 15:05:00 29 33 318820 -81 
6/07/2011 15:10:00 29 33 318780 -81 
6/07/2011 15:15:00 29 33 318780 -81 
6/07/2011 15:20:00 29 33 318790 -81 
6/07/2011 15:25:00 28 33 318780 -81 
6/07/2011 15:30:00 28 33 318810 -81 
6/07/2011 15:35:00 28 33 318780 -81 
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6/07/2011 15:40:00 28 33 318760 -81 
6/07/2011 15:45:00 28 33 318780 -81 
6/07/2011 15:50:00 28 33 318740 -81 
6/07/2011 15:55:00 28 33 318730 -81 
6/07/2011 16:00:00 28 33 318750 -81 
6/07/2011 16:05:00 27 33 318740 -81 
6/07/2011 16:10:00 27 33 318700 -81 
6/07/2011 16:15:00 27 33 318700 -81 
6/07/2011 16:20:00 27 33 318720 -81 
6/07/2011 16:25:00 27 33 318710 -81 
6/07/2011 16:30:00 27 33 318740 -81 
6/07/2011 16:35:00 27 33 318700 -81 
6/07/2011 16:40:00 27 33 318700 -81 
6/07/2011 16:45:00 27 33 318670 -81 
6/07/2011 16:50:00 27 33 318680 -81 
6/07/2011 16:55:00 27 33 318670 -81 
6/07/2011 17:00:00 26 33 318640 -81 
6/07/2011 17:05:00 26 33 318650 -81 
6/07/2011 17:10:00 26 33 318630 -81 
6/07/2011 17:15:00 26 33 318620 -81 
6/07/2011 17:20:00 26 33 318630 -81 
6/07/2011 17:25:00 26 33 318590 -81 
6/07/2011 17:30:00 26 33 318600 -81 
6/07/2011 17:35:00 26 33 318600 -81 
6/07/2011 17:40:00 26 33 318580 -81 
6/07/2011 17:45:00 26 33 318540 -81 
6/07/2011 17:50:00 26 33 318550 -81 
6/07/2011 17:55:00 26 33 318590 -81 
6/07/2011 18:00:00 26 33 318560 -81 
6/07/2011 18:05:00 26 33 318540 -81 
6/07/2011 18:10:00 26 33 318560 -81 
6/07/2011 18:15:00 26 33 318560 -81 
6/07/2011 18:20:00 26 33 318560 -81 
6/07/2011 18:25:00 26 33 318540 -81 
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6/07/2011 18:30:00 25 33 318520 -81 
6/07/2011 18:35:00 25 33 318530 -81 
6/07/2011 18:40:00 25 33 315480 -81 
6/07/2011 18:45:00 25 33 315470 -81 
6/07/2011 18:50:00 25 33 315510 -81 
6/07/2011 18:55:00 25 33 315460 -81 
6/07/2011 19:00:00 25 33 315430 -81 
6/07/2011 19:05:00 25 33 315410 -81 
6/07/2011 19:10:00 25 33 315440 -81 
6/07/2011 19:15:00 25 33 315430 -81 
6/07/2011 19:20:00 25 33 315450 -81 
6/07/2011 19:25:00 25 33 315410 -81 
6/07/2011 19:30:00 25 33 315470 -81 
6/07/2011 19:35:00 25 33 315400 -81 
6/07/2011 19:40:00 25 33 315420 -81 
6/07/2011 19:45:00 25 33 315410 -81 
6/07/2011 19:50:00 25 33 315380 -81 
6/07/2011 19:55:00 25 33 315360 -82 
6/07/2011 20:00:00 25 33 315390 -82 
6/07/2011 20:05:00 25 33 315360 -82 
6/07/2011 20:10:00 25 33 315410 -82 
6/07/2011 20:15:00 25 33 315370 -82 
6/07/2011 20:20:00 25 33 315330 -82 
6/07/2011 20:25:00 25 33 315360 -82 
6/07/2011 20:30:00 25 33 315310 -82 
6/07/2011 20:35:00 25 33 315340 -82 
6/07/2011 20:40:00 24 33 315310 -82 
6/07/2011 20:45:00 24 33 315310 -82 
6/07/2011 20:50:00 24 33 315280 -82 
6/07/2011 20:55:00 24 33 315300 -82 
6/07/2011 21:00:00 24 33 315280 -82 
6/07/2011 21:05:00 24 33 315260 -82 
6/07/2011 21:10:00 24 33 315300 -82 
6/07/2011 21:15:00 24 33 315270 -82 
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6/07/2011 21:20:00 24 33 315300 -82 
6/07/2011 21:25:00 24 33 315290 -82 
6/07/2011 21:30:00 24 33 315330 -82 
6/07/2011 21:35:00 24 33 315250 -82 
6/07/2011 21:40:00 24 33 315250 -82 
6/07/2011 21:45:00 24 33 315260 -82 
6/07/2011 21:50:00 24 33 315270 -82 
6/07/2011 21:55:00 24 33 315210 -82 
6/07/2011 22:00:00 24 33 315230 -82 
6/07/2011 22:05:00 24 33 315210 -82 
6/07/2011 22:10:00 24 33 315210 -82 
6/07/2011 22:15:00 24 33 315210 -82 
6/07/2011 22:20:00 24 33 315200 -82 
6/07/2011 22:25:00 24 33 315210 -82 
6/07/2011 22:30:00 24 33 315210 -82 
6/07/2011 22:35:00 24 33 315210 -82 
6/07/2011 22:40:00 24 33 315170 -82 
6/07/2011 22:45:00 24 33 315150 -82 
6/07/2011 22:50:00 24 33 315130 -82 
6/07/2011 22:55:00 24 33 315130 -82 
6/07/2011 23:00:00 24 33 315130 -82 
6/07/2011 23:05:00 24 33 315140 -82 
6/07/2011 23:10:00 24 33 315150 -82 
6/07/2011 23:15:00 24 33 315150 -82 
6/07/2011 23:20:00 24 33 315130 -82 
6/07/2011 23:25:00 24 33 315100 -82 
6/07/2011 23:30:00 24 33 315160 -82 
6/07/2011 23:35:00 24 33 315110 -82 
6/07/2011 23:40:00 24 33 315130 -82 
6/07/2011 23:45:00 23 33 315110 -82 
6/07/2011 23:50:00 23 33 315150 -82 
6/07/2011 23:55:00 23 33 315080 -82 
7/07/2011 0:00:00 23 33 315080 -82 
7/07/2011 0:05:00 23 33 315100 -82 
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7/07/2011 0:10:00 23 33 315070 -82 
7/07/2011 0:15:00 23 33 315060 -82 
7/07/2011 0:20:00 23 33 315050 -82 
7/07/2011 0:25:00 23 33 315070 -82 
7/07/2011 0:30:00 23 33 315070 -82 
7/07/2011 0:35:00 23 33 315040 -82 
7/07/2011 0:40:00 23 33 315070 -82 
7/07/2011 0:45:00 23 33 315030 -82 
7/07/2011 0:50:00 23 33 315070 -82 
7/07/2011 0:55:00 23 33 315050 -82 
7/07/2011 1:00:00 23 33 315070 -82 
7/07/2011 1:05:00 23 33 315030 -82 
7/07/2011 1:10:00 23 33 315030 -82 
7/07/2011 1:15:00 23 33 315040 -82 
7/07/2011 1:20:00 23 33 315010 -82 
7/07/2011 1:25:00 23 33 315010 -82 
 
Please refer to the attached CD for full results 
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NSFC 100gr (medium sand) 
 Probe 1 Probe 2 Scale Tensio 2 
Date 
(dd/mm/yy) 
Time 
(hr:min:sec) 
Moisture 
(%) 
Moisture 
(%) 
Mass       
(g) 
Pressure 
(kPa) 
24/06/2011 13:40:00 30.99 35 329030 -80.36 
24/06/2011 13:45:00 30 35 329060 -80.42 
24/06/2011 13:50:00 30 34 328980 -80.53 
24/06/2011 13:55:00 29 34 329040 -80.59 
24/06/2011 14:00:00 29 34 328950 -80.61 
24/06/2011 14:05:00 29 34 328980 -80.72 
24/06/2011 14:10:00 28 34 328920 -80.66 
24/06/2011 14:15:00 28 34 328960 -80.74 
24/06/2011 14:20:00 28 34 328930 -80.76 
24/06/2011 14:25:00 27 34 328900 -80.88 
24/06/2011 14:30:00 27 34 328920 -80.81 
24/06/2011 14:35:00 27 34 328900 -80.85 
24/06/2011 14:40:00 27 34 328890 -80.95 
24/06/2011 14:45:00 26 34 328890 -80.95 
24/06/2011 14:50:00 26 34 328890 -80.97 
24/06/2011 14:55:00 26 34 328870 -80.95 
24/06/2011 15:00:00 26 34 328860 -81.00 
24/06/2011 15:05:00 26 34 328820 -81.02 
24/06/2011 15:10:00 26 34 328840 -81.05 
24/06/2011 15:15:00 25 34 328850 -81.10 
24/06/2011 15:20:00 25 34 328810 -81.16 
24/06/2011 15:25:00 25 34 328800 -81.15 
24/06/2011 15:30:00 25 34 328820 -81.21 
24/06/2011 15:35:00 25 34 328780 -81.22 
24/06/2011 15:40:00 25 34 328780 -81.30 
24/06/2011 15:45:00 25 34 328780 -81.26 
24/06/2011 15:50:00 25 34 328780 -81.33 
24/06/2011 15:55:00 24 34 328780 -81.29 
24/06/2011 16:00:00 24 34 328750 -81.28 
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24/06/2011 16:05:00 24 34 328710 -81.27 
24/06/2011 16:10:00 24 34 328730 -81.30 
24/06/2011 16:15:00 24 34 328730 -81.33 
24/06/2011 16:20:00 24 34 328760 -81.39 
24/06/2011 16:25:00 24 34 328720 -81.48 
24/06/2011 16:30:00 24 34 328690 -81.49 
24/06/2011 16:35:00 24 34 322500 -81.80 
24/06/2011 16:40:00 23 34 322500 -81.72 
24/06/2011 16:45:00 23 34 322530 -81.57 
24/06/2011 16:50:00 23 34 322460 -81.45 
24/06/2011 16:55:00 23 34 322460 -81.40 
24/06/2011 17:00:00 23 34 322480 -81.43 
24/06/2011 17:05:00 23 34 322460 -81.48 
24/06/2011 17:10:00 23 34 322480 -81.55 
24/06/2011 17:15:00 23 34 322520 -81.53 
24/06/2011 17:20:00 23 34 322460 -81.49 
24/06/2011 17:25:00 23 34 322440 -81.53 
24/06/2011 17:30:00 23 34 322460 -81.52 
24/06/2011 17:35:00 23 34 322460 -81.51 
24/06/2011 17:40:00 23 34 322460 -81.53 
24/06/2011 17:45:00 22 34 322440 -81.53 
24/06/2011 17:50:00 22 34 322440 -81.59 
24/06/2011 17:55:00 22 34 322420 -81.60 
24/06/2011 18:00:00 22 34 322440 -81.61 
24/06/2011 18:05:00 22 34 322400 -81.66 
24/06/2011 18:10:00 22 34 322400 -81.64 
24/06/2011 18:15:00 22 34 322400 -81.64 
24/06/2011 18:20:00 22 34 322420 -81.62 
24/06/2011 18:25:00 22 34 322410 -81.69 
24/06/2011 18:30:00 22 34 322450 -81.64 
24/06/2011 18:35:00 22 34 322370 -81.62 
24/06/2011 18:40:00 22 34 322420 -81.59 
24/06/2011 18:45:00 22 34 322380 -81.58 
24/06/2011 18:50:00 22 34 322360 -81.60 
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24/06/2011 18:55:00 22 34 322360 -81.62 
24/06/2011 19:00:00 22 34 322350 -81.69 
24/06/2011 19:05:00 21 34 322310 -81.72 
24/06/2011 19:10:00 21 34 322330 -81.70 
24/06/2011 19:15:00 21 34 322370 -81.75 
24/06/2011 19:20:00 21 34 322320 -81.72 
24/06/2011 19:25:00 21 34 322290 -81.76 
24/06/2011 19:30:00 21 34 322310 -81.78 
24/06/2011 19:35:00 21 34 322280 -81.80 
24/06/2011 19:40:00 21 34 322300 -81.77 
24/06/2011 19:45:00 21 34 322290 -81.85 
24/06/2011 19:50:00 21 34 322280 -81.86 
24/06/2011 19:55:00 21 34 322250 -81.93 
24/06/2011 20:00:00 21 34 322270 -81.89 
24/06/2011 20:05:00 21 34 322250 -81.87 
24/06/2011 20:10:00 21 34 322230 -81.93 
24/06/2011 20:15:00 21 34 322230 -81.97 
24/06/2011 20:20:00 21 34 322250 -81.98 
24/06/2011 20:25:00 21 34 322200 -81.97 
24/06/2011 20:30:00 21 34 322240 -81.95 
24/06/2011 20:35:00 21 34 322220 -81.96 
24/06/2011 20:40:00 21 34 322190 -81.93 
24/06/2011 20:45:00 21 34 322230 -81.90 
24/06/2011 20:50:00 20 34 322210 -82.39 
24/06/2011 20:55:00 20 34 322210 -82.24 
24/06/2011 21:00:00 20 34 322230 -82.22 
24/06/2011 21:05:00 20 34 322210 -82.15 
24/06/2011 21:10:00 20 34 322210 -82.07 
24/06/2011 21:15:00 20 34 322190 -82.04 
24/06/2011 21:20:00 20 34 322170 -82.06 
24/06/2011 21:25:00 20 34 322220 -82.05 
24/06/2011 21:30:00 20 34 322190 -82.12 
24/06/2011 21:35:00 20 34 322210 -82.07 
24/06/2011 21:40:00 20 34 322190 -82.24 
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24/06/2011 21:45:00 20 34 322240 -82.22 
24/06/2011 21:50:00 20 34 322170 -82.22 
24/06/2011 21:55:00 20 34 322200 -82.26 
24/06/2011 22:00:00 20 34 322130 -82.31 
24/06/2011 22:05:00 20 34 322160 -82.44 
24/06/2011 22:10:00 20 34 322180 -82.49 
24/06/2011 22:15:00 20 34 322170 -82.44 
24/06/2011 22:20:00 20 34 322170 -82.43 
24/06/2011 22:25:00 20 34 322150 -82.41 
24/06/2011 22:30:00 20 34 322130 -82.39 
24/06/2011 22:35:00 20 34 322130 -82.49 
24/06/2011 22:40:00 20 34 322130 -82.42 
24/06/2011 22:45:00 20 34 322150 -82.39 
24/06/2011 22:50:00 20 34 322130 -82.39 
24/06/2011 22:55:00 19 34 322170 -82.45 
24/06/2011 23:00:00 19 34 322170 -82.42 
24/06/2011 23:05:00 19 34 322160 -82.73 
24/06/2011 23:10:00 19 34 322160 -82.74 
24/06/2011 23:15:00 19 34 322100 -82.63 
24/06/2011 23:20:00 19 34 322110 -82.62 
24/06/2011 23:25:00 19 34 322130 -82.59 
24/06/2011 23:30:00 19 34 322110 -82.53 
24/06/2011 23:35:00 19 34 322110 -82.54 
24/06/2011 23:40:00 19 34 322100 -82.56 
24/06/2011 23:45:00 19 34 322100 -82.55 
24/06/2011 23:50:00 19 34 322080 -82.58 
24/06/2011 23:55:00 19 34 322080 -82.54 
25/06/2011 0:00:00 19 34 322100 -82.54 
25/06/2011 0:05:00 19 34 322110 -82.53 
25/06/2011 0:10:00 19 34 322100 -82.51 
25/06/2011 0:15:00 19 34 322110 -82.49 
25/06/2011 0:20:00 19 34 322090 -82.56 
25/06/2011 0:25:00 19 34 322130 -82.52 
25/06/2011 0:30:00 19 34 322070 -82.47 
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25/06/2011 0:35:00 19 34 322110 -82.49 
25/06/2011 0:40:00 19 34 322090 -82.50 
25/06/2011 0:45:00 19 34 322110 -82.47 
25/06/2011 0:50:00 19 34 322080 -82.51 
25/06/2011 0:55:00 19 34 322090 -82.60 
25/06/2011 1:00:00 19 34 322060 -82.52 
25/06/2011 1:05:00 19 34 322060 -82.52 
25/06/2011 1:10:00 19 34 322040 -82.52 
25/06/2011 1:15:00 19 34 322040 -82.67 
25/06/2011 1:20:00 19 34 322080 -82.79 
25/06/2011 1:25:00 19 34 322060 -82.72 
25/06/2011 1:30:00 18 34 322060 -82.73 
25/06/2011 1:35:00 18 34 322020 -82.73 
25/06/2011 1:40:00 18 34 322040 -82.76 
25/06/2011 1:45:00 18 34 322030 -82.72 
25/06/2011 1:50:00 18 34 322050 -82.62 
 
Please refer to the attached CD for full results 
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Lignosulphate 525mL (medium sand) 
 Probe 1 Probe 2 Scale Tensio 2 
Date 
(dd/mm/yy) 
Time 
(hr:min:sec) 
Moisture (%) Moisture 
(%) 
Mass       
(g) 
Pressure 
(kPa) 
27/07/2011 0:05:00 25 29 321500 -92 
27/07/2011 0:10:00 25 29 321510 -92 
27/07/2011 0:15:00 25 29 321510 -92 
27/07/2011 0:20:00 25 29 321490 -92 
27/07/2011 0:25:00 24 29 321490 -92 
27/07/2011 0:30:00 24 29 321500 -91 
27/07/2011 0:35:00 23 29 321540 -91 
27/07/2011 0:40:00 23 29 321550 -91 
27/07/2011 0:45:00 23 29 321590 -90 
27/07/2011 0:50:00 23 29 321530 -90 
27/07/2011 0:55:00 23 29 321500 -90 
27/07/2011 1:00:00 23 29 321490 -90 
27/07/2011 1:05:00 23 29 321550 -90 
27/07/2011 1:10:00 23 29 321510 -90 
27/07/2011 1:15:00 22 29 321490 -90 
27/07/2011 1:20:00 22 29 321510 -90 
27/07/2011 1:25:00 22 29 321490 -90 
27/07/2011 1:30:00 22 29 321490 -90 
27/07/2011 1:35:00 22 29 321470 -90 
27/07/2011 1:40:00 22 29 321550 -90 
27/07/2011 1:45:00 22 29 321530 -90 
27/07/2011 1:50:00 22 29 321550 -90 
27/07/2011 1:55:00 22 29 321530 -90 
27/07/2011 2:00:00 22 29 321550 -89 
27/07/2011 2:05:00 22 29 321480 -89 
27/07/2011 2:10:00 22 29 321490 -89 
27/07/2011 2:15:00 22 29 321460 -90 
27/07/2011 2:20:00 22 29 321470 -90 
27/07/2011 2:25:00 22 29 321420 -90 
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27/07/2011 2:30:00 22 29 321400 -90 
27/07/2011 2:35:00 22 29 321330 -90 
27/07/2011 2:40:00 22 29 321390 -90 
27/07/2011 2:45:00 21 29 321410 -90 
27/07/2011 2:50:00 21 29 321410 -90 
27/07/2011 2:55:00 21 29 321420 -90 
27/07/2011 3:00:00 21 29 321440 -90 
27/07/2011 3:05:00 21 29 321400 -90 
27/07/2011 3:10:00 21 29 321450 -90 
27/07/2011 3:15:00 21 29 321420 -90 
27/07/2011 3:20:00 21 29 321400 -90 
27/07/2011 3:25:00 21 29 321410 -90 
27/07/2011 3:30:00 21 29 321380 -90 
27/07/2011 3:35:00 21 29 321380 -90 
27/07/2011 3:40:00 21 29 321340 -90 
27/07/2011 3:45:00 21 29 321370 -90 
27/07/2011 3:50:00 21 29 321390 -90 
27/07/2011 3:55:00 21 29 321380 -90 
27/07/2011 4:00:00 21 29 321400 -90 
27/07/2011 4:05:00 21 29 321420 -90 
27/07/2011 4:10:00 21 29 321400 -90 
27/07/2011 4:15:00 21 29 321400 -90 
27/07/2011 4:20:00 21 29 321390 -90 
27/07/2011 4:25:00 21 29 321380 -90 
27/07/2011 4:30:00 21 29 321400 -90 
27/07/2011 4:35:00 21 29 321350 -90 
27/07/2011 4:40:00 21 29 321400 -90 
27/07/2011 4:45:00 21 29 321370 -90 
27/07/2011 4:50:00 21 29 321380 -91 
27/07/2011 4:55:00 21 29 321360 -91 
27/07/2011 5:00:00 21 29 321340 -91 
27/07/2011 5:05:00 20 29 321360 -91 
27/07/2011 5:10:00 20 29 321380 -91 
27/07/2011 5:15:00 20 29 321350 -91 
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27/07/2011 5:20:00 20 29 321390 -91 
27/07/2011 5:25:00 20 29 321400 -91 
27/07/2011 5:30:00 20 29 321380 -91 
27/07/2011 5:35:00 20 29 321420 -91 
27/07/2011 5:40:00 20 29 321370 -91 
27/07/2011 5:45:00 20 29 321390 -91 
27/07/2011 5:50:00 20 29 321380 -91 
27/07/2011 5:55:00 20 29 321420 -91 
27/07/2011 6:00:00 20 29 321380 -91 
27/07/2011 6:05:00 20 29 321330 -91 
27/07/2011 6:10:00 20 29 321310 -91 
27/07/2011 6:15:00 20 29 321280 -91 
27/07/2011 6:20:00 20 29 321300 -91 
27/07/2011 6:25:00 20 29 321260 -91 
27/07/2011 6:30:00 20 29 321340 -91 
27/07/2011 6:35:00 20 29 321330 -91 
27/07/2011 6:40:00 20 29 321270 -91 
27/07/2011 6:45:00 20 29 321190 -91 
27/07/2011 6:50:00 20 29 321330 -91 
27/07/2011 6:55:00 20 29 321360 -91 
27/07/2011 7:00:00 20 29 321340 -92 
27/07/2011 7:05:00 20 29 321260 -92 
27/07/2011 7:10:00 20 29 321230 -92 
27/07/2011 7:15:00 20 29 321230 -92 
27/07/2011 7:20:00 20 29 321260 -92 
27/07/2011 7:25:00 20 29 321280 -92 
27/07/2011 7:30:00 20 29 321360 -92 
27/07/2011 7:35:00 20 29 321340 -92 
27/07/2011 7:40:00 20 29 321310 -92 
27/07/2011 7:45:00 20 29 321240 -92 
27/07/2011 7:50:00 20 29 321300 -92 
27/07/2011 7:55:00 20 29 321360 -92 
27/07/2011 8:00:00 20 29 321340 -92 
27/07/2011 8:05:00 19 29 321310 -92 
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27/07/2011 8:10:00 19 29 321210 -92 
27/07/2011 8:15:00 19 29 321210 -92 
27/07/2011 8:20:00 19 29 321220 -92 
27/07/2011 8:25:00 19 29 321260 -92 
27/07/2011 8:30:00 19 29 321260 -92 
27/07/2011 8:35:00 19 29 321230 -92 
27/07/2011 8:40:00 19 29 321230 -92 
27/07/2011 8:45:00 19 29 321220 -92 
27/07/2011 8:50:00 19 29 321200 -92 
27/07/2011 8:55:00 19 29 321260 -92 
27/07/2011 9:00:00 19 29 321280 -92 
27/07/2011 9:05:00 19 29 321300 -92 
27/07/2011 9:10:00 19 29 321320 -92 
27/07/2011 9:15:00 19 29 321350 -92 
27/07/2011 9:20:00 19 29 321350 -92 
27/07/2011 9:25:00 19 29 321340 -92 
27/07/2011 9:30:00 19 29 321340 -92 
27/07/2011 9:35:00 19 29 321330 -92 
27/07/2011 9:40:00 19 29 321290 -92 
27/07/2011 9:45:00 19 29 321300 -92 
27/07/2011 9:50:00 19 29 321240 -92 
27/07/2011 9:55:00 19 29 321250 -92 
27/07/2011 10:00:00 19 29 321260 -92 
27/07/2011 10:05:00 19 29 321270 -92 
27/07/2011 10:10:00 19 29 321280 -92 
27/07/2011 10:15:00 19 29 321280 -91 
27/07/2011 10:20:00 19 29 321280 -91 
27/07/2011 10:25:00 19 29 321260 -91 
27/07/2011 10:30:00 19 29 321210 -92 
27/07/2011 10:35:00 19 29 321160 -92 
27/07/2011 10:40:00 19 29 321170 -92 
27/07/2011 10:45:00 19 29 321200 -92 
27/07/2011 10:50:00 19 29 321210 -92 
27/07/2011 10:55:00 19 29 321120 -92 
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27/07/2011 11:00:00 19 29 321190 -91 
27/07/2011 11:05:00 19 29 321220 -91 
27/07/2011 11:10:00 19 29 321280 -91 
27/07/2011 11:15:00 19 29 321230 -91 
27/07/2011 11:20:00 19 29 321180 -91 
27/07/2011 11:25:00 19 29 321150 -91 
27/07/2011 11:30:00 19 29 321090 -91 
27/07/2011 11:35:00 19 29 321070 -91 
27/07/2011 11:40:00 19 29 321080 -91 
27/07/2011 11:45:00 19 29 321070 -91 
27/07/2011 11:50:00 19 29 321110 -91 
27/07/2011 11:55:00 18 29 321170 -91 
27/07/2011 12:00:00 18 29 321190 -91 
27/07/2011 12:05:00 18 29 321220 -91 
27/07/2011 12:10:00 18 29 321210 -91 
 
Please refer to the attached CD for full results 
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Lignosulphate with pump (medium sand) 
 Probe 1 Probe 2 Scale Tensio 2 
Date 
(dd/mm/yy) 
Time 
(hr:min:sec) 
Moisture 
(%) 
Moisture 
(%) 
Mass       
(g) 
Pressure 
(kPa) 
8/08/2011 12:10:00 35 35 325900 -74 
8/08/2011 12:15:00 35 35 325900 -74 
8/08/2011 12:20:00 34 35 325550 -74 
8/08/2011 12:25:00 32 35 325320 -74 
8/08/2011 12:30:00 28 34 324830 -74 
8/08/2011 12:35:00 26 34 324160 -74 
8/08/2011 12:40:00 24 34 324140 -74 
8/08/2011 12:45:00 24 34 324030 -74 
8/08/2011 12:50:00 23 34 323970 -74 
8/08/2011 12:55:00 22 34 323930 -74 
8/08/2011 13:00:00 22 34 323190 -74 
8/08/2011 13:05:00 21 34 322900 -74 
8/08/2011 13:10:00 21 34 322790 -74 
8/08/2011 13:15:00 21 34 322590 -76 
8/08/2011 13:20:00 20 34 322420 -76 
8/08/2011 13:25:00 20 33 322450 -76 
8/08/2011 13:30:00 20 33 322450 -76 
8/08/2011 13:35:00 20 33 322420 -76 
8/08/2011 13:40:00 20 33 322420 -76 
8/08/2011 13:45:00 19 33 322430 -76 
8/08/2011 13:50:00 19 33 322430 -76 
8/08/2011 13:55:00 19 33 322460 -76 
8/08/2011 14:00:00 19 32 322450 -76 
8/08/2011 14:05:00 19 32 322440 -76 
8/08/2011 14:10:00 19 32 322430 -76 
8/08/2011 14:15:00 19 32 322440 -76 
8/08/2011 14:20:00 19 32 322430 -76 
8/08/2011 14:25:00 18 32 322420 -76 
8/08/2011 14:30:00 18 32 322410 -76 
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8/08/2011 14:35:00 18 32 322390 -76 
8/08/2011 14:40:00 18 32 322380 -76 
8/08/2011 14:45:00 18 32 322350 -76 
8/08/2011 14:50:00 18 32 322400 -76 
8/08/2011 14:55:00 18 32 322400 -79 
8/08/2011 15:00:00 18 32 322400 -79 
8/08/2011 15:05:00 18 32 322370 -79 
8/08/2011 15:10:00 18 32 322400 -79 
8/08/2011 15:15:00 18 32 322400 -79 
8/08/2011 15:20:00 17 32 322350 -79 
8/08/2011 15:25:00 17 32 322370 -79 
8/08/2011 15:30:00 17 32 322340 -79 
8/08/2011 15:35:00 17 32 322320 -79 
8/08/2011 15:40:00 17 31 322220 -79 
8/08/2011 15:45:00 17 31 321980 -78 
8/08/2011 15:50:00 17 31 321730 -78 
8/08/2011 15:55:00 17 30 321620 -78 
8/08/2011 16:00:00 17 27 321460 -77 
8/08/2011 16:05:00 17 26 321350 -77 
8/08/2011 16:10:00 17 25 321230 -77 
8/08/2011 16:15:00 17 26 321240 -77 
8/08/2011 16:20:00 17 25 321220 -77 
8/08/2011 16:25:00 17 25 321170 -77 
8/08/2011 16:30:00 16 25 321140 -77 
8/08/2011 16:35:00 16 25 321210 -77 
8/08/2011 16:40:00 16 25 321210 -77 
8/08/2011 16:45:00 16 25 321200 -77 
8/08/2011 16:50:00 16 25 321210 -77 
8/08/2011 16:55:00 16 25 321200 -77 
8/08/2011 17:00:00 16 25 321210 -77 
8/08/2011 17:05:00 16 24 321210 -77 
8/08/2011 17:10:00 16 24 321150 -77 
8/08/2011 17:15:00 16 24 321180 -77 
8/08/2011 17:20:00 16 24 321210 -77 
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8/08/2011 17:25:00 16 24 321220 -77 
8/08/2011 17:30:00 16 24 321210 -77 
8/08/2011 17:35:00 16 24 321190 -77 
8/08/2011 17:40:00 16 24 321180 -77 
8/08/2011 17:45:00 16 24 321160 -77 
8/08/2011 17:50:00 16 24 321170 -77 
8/08/2011 17:55:00 16 24 321160 -78 
8/08/2011 18:00:00 16 24 321160 -78 
8/08/2011 18:05:00 16 24 321130 -78 
8/08/2011 18:10:00 16 24 321110 -78 
8/08/2011 18:15:00 16 24 321140 -78 
8/08/2011 18:20:00 16 24 321150 -78 
8/08/2011 18:25:00 16 24 321130 -78 
8/08/2011 18:30:00 16 22 321000 -78 
8/08/2011 18:35:00 16 22 320980 -78 
8/08/2011 18:40:00 16 22 321000 -78 
8/08/2011 18:45:00 16 22 321000 -78 
8/08/2011 18:50:00 16 22 320990 -78 
8/08/2011 18:55:00 15 22 320970 -78 
8/08/2011 19:00:00 15 22 320990 -78 
8/08/2011 19:05:00 15 22 320970 -78 
8/08/2011 19:10:00 15 22 321000 -78 
8/08/2011 19:15:00 15 22 321010 -78 
8/08/2011 19:20:00 15 22 320980 -78 
8/08/2011 19:25:00 15 21 320970 -78 
8/08/2011 19:30:00 15 21 320960 -78 
8/08/2011 19:35:00 15 21 320990 -78 
8/08/2011 19:40:00 15 21 320920 -78 
8/08/2011 19:45:00 15 21 320940 -77 
8/08/2011 19:50:00 15 21 320920 -77 
8/08/2011 19:55:00 15 21 320940 -78 
8/08/2011 20:00:00 15 21 320940 -78 
8/08/2011 20:05:00 15 21 320970 -78 
8/08/2011 20:10:00 15 21 320960 -78 
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8/08/2011 20:15:00 15 21 320940 -77 
8/08/2011 20:20:00 15 21 320980 -77 
8/08/2011 20:25:00 15 21 320930 -77 
8/08/2011 20:30:00 15 21 320940 -77 
8/08/2011 20:35:00 15 21 320940 -77 
8/08/2011 20:40:00 15 21 320900 -77 
8/08/2011 20:45:00 15 21 320900 -77 
8/08/2011 20:50:00 15 21 320930 -77 
8/08/2011 20:55:00 15 21 320880 -77 
8/08/2011 21:00:00 15 21 320880 -77 
8/08/2011 21:05:00 15 21 320900 -77 
8/08/2011 21:10:00 15 21 320890 -78 
8/08/2011 21:15:00 15 21 320920 -78 
8/08/2011 21:20:00 15 21 320920 -78 
8/08/2011 21:25:00 15 21 320920 -78 
8/08/2011 21:30:00 15 21 320930 -78 
8/08/2011 21:35:00 15 21 320920 -77 
8/08/2011 21:40:00 15 21 320920 -78 
8/08/2011 21:45:00 15 20 320890 -77 
8/08/2011 21:50:00 15 20 320890 -77 
8/08/2011 21:55:00 14 20 320890 -78 
8/08/2011 22:00:00 14 20 320850 -77 
8/08/2011 22:05:00 14 20 320880 -78 
8/08/2011 22:10:00 14 20 320850 -78 
8/08/2011 22:15:00 14 20 320850 -78 
8/08/2011 22:20:00 14 20 320860 -78 
8/08/2011 22:25:00 14 20 320890 -78 
8/08/2011 22:30:00 14 20 320820 -78 
8/08/2011 22:35:00 14 20 320840 -77 
8/08/2011 22:40:00 14 20 320870 -77 
8/08/2011 22:45:00 14 20 320830 -77 
8/08/2011 22:50:00 14 20 320830 -77 
8/08/2011 22:55:00 14 20 320830 -78 
8/08/2011 23:00:00 14 20 320850 -78 
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8/08/2011 23:05:00 14 20 320800 -78 
8/08/2011 23:10:00 14 20 320800 -78 
8/08/2011 23:15:00 14 20 320840 -78 
8/08/2011 23:20:00 14 20 320780 -78 
8/08/2011 23:25:00 14 20 320780 -78 
8/08/2011 23:30:00 14 20 320750 -78 
8/08/2011 23:35:00 14 20 320760 -78 
8/08/2011 23:40:00 14 20 320780 -78 
8/08/2011 23:45:00 14 20 320780 -78 
8/08/2011 23:50:00 14 20 320770 -78 
8/08/2011 23:55:00 14 20 320750 -78 
9/08/2011 0:00:00 14 20 320760 -78 
9/08/2011 0:05:00 14 20 320750 -78 
9/08/2011 0:10:00 14 20 320760 -78 
9/08/2011 0:15:00 14 20 320760 -78 
9/08/2011 0:20:00 14 20 320740 -78 
 
Please refer to the attached CD for full results 
 
 
 
 
 
 
 
